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ABSTRACT  
 
Reducing the output of carbon dioxide, a predominant greenhouse gas, would inevitably 
reduce the effects of global warming. In this document, recommendations for Thai Industries are 
made regarding specific reuse processes that could potentially reduce Thailand’s industrial 
carbon dioxide output. Through evaluations of economic feasibility, environmental impact, and 
the logistics of implementation, we, in sponsorship of Chulalongkorn University, concluded that 
a number of novel reuse processes were presently viable while others still warrant the attention 
of the research community.  
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EXECUTIVE SUMMARY 
 
The Intergovernmental Panel on Climate Change stated in its most recent report that 
mankind is responsible for global warming through the emission of greenhouse gases, and 
mitigation of the problem will only be possible with a drastic reduction in world-wide carbon 
dioxide emissions (Metz, 2007; Parry, 2007; Solomon, 2007). Greenhouse gases build up in the 
earth’s atmosphere and capture the sun’s ultraviolet rays as they hit the earth. As a result, the 
earth’s average temperature has begun to rise. This warming is a growing concern among 
scientists because the projected temperature increase can potentially affect the earth’s 
ecosystems causing the polar ice caps to melt, stronger and more violent storms, and the 
extinction of many plants and animals (National Resource Defense Council, 2007).  
Many have begun taking actions to address global warming through the mitigation of 
greenhouse gases. These gases are released through various processes, both natural, such as 
volcanic activity, and artificial, such as the refinement of natural gas. However, the industrial 
sector releases over 30 billion tons of carbon dioxide per year, significantly more than any other 
natural process (U.S. Geological Survey, 2006). Industrially-produced carbon dioxide is thus a 
prime candidate for emission reduction. Carbon dioxide emissions can be reduced through a 
number of techniques: improvement of industrial process efficiency, capture and sequestration, 
and capture and reuse in another industrial process. Due to the potential for economic gain, while 
mitigating emitted carbon dioxide, reuse of this prominent greenhouse gas is the most promising 
technique.  
The goal of our project was to provide recommendations of novel carbon dioxide reuse 
processes that are economically, environmentally, and logistically favorable in Thailand. We 
chose to research novel processes due to their unknown and innovative nature within industry as 
well as the growing interest in them within the research community. With our recommendations, 
the limited carbon dioxide market could be expanded, benefiting the environment as well as 
industries. We used a four-step action plan to obtain our goal: 
1: Investigate novel carbon dioxide utilizing processes 
2: Evaluate and eliminate reuse processes based on selected categories: economic feasibility, 
environmental impact, and logistics of implementation 
3: Evaluate and eliminate reuse processes based on a comparison with the traditional process 
4: Compile recommendations tailored for the business and academic communities 
We first searched for as many novel applications of carbon dioxide as possible, in both 
academic and industrial literature. We then reviewed more literature to learn additional 
information about each reuse process’s advantages and disadvantages. We identified three well-
established processes and ten novel carbon dioxide utilizing processes, as well as their traditional 
counterparts, shown in Table 1.  
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Table 1: Carbon dioxide reuse processes and their process type as well as the potentially 
replaced traditional process 
Process Type:  Carbon Dioxide Utilizing Process:  
Corresponding Traditional 
Process: 
Beer carbonation N/A 
Soda carbonation N/A Well-established uses of carbon dioxide Dry ice production  N/A 
Dry reforming1 of methane Steam Reforming 
Supercritical carbon 
dioxide2 textile dyeing Aqueous textile dyeing 
Conceptual uses of carbon 
dioxide 
Creation of algae biodiesel  Corn or soybean biodiesel 
Supercritical carbon dioxide 
extraction of oils Steam Distillation 
Enhanced oil recovery Steam flooding 
Supercritical carbon dioxide 
dry cleaning 
Perchloroethylene dry 
cleaning 
Recycling plastics Chemical reprocessing 
Novel use of carbon dioxide 
as a medium 
Dry ice metal degreasing Chemical or sand degreasing 
Carbamate3 production  N/A Novel use of carbon dioxide 
as a reactant Cyclohexene Oxide
4 
plastics production 
polyol/diisocyanate 
polyurethanes 
 
By selecting the desired traits in the recommended reuse processes, we developed sets of 
criteria which to assess each process. In order to properly critique the reuse processes, we 
gathered information from various sources, including company websites, interviews, and 
scientific journals. Specific information gathered included monetary values of implementation 
and operation, hazards associated with the process, and any logistics regarding the process. Table 
2 shows the criteria used to evaluate each of the following three categories:  
 
Economic feasibility 
The components of economic feasibility assessed the monetary values associated 
with each process. Net present value and payback period are indicators of the quantity of 
returns over a time period and the time required for returns on investment, respectively. 
Additionally, we evaluated market trends, through the use of the Thai stock exchange, as 
a way to determine the economic size of the current market in Thailand. Overall, we 
allotted economic feasibility 40 points because this is generally the most influential 
                                                       
1 Dry reforming is when methane is combined with carbon dioxide over a catalyst to produce a mixture of carbon 
monoxide and hydrogen (synthesis gas). It is called dry reforming because it is done without the presence of water 
(Aker Kværner ASA, 2003; Edwards & Maitre, 1995). 
2 ScCO2 refers to supercritical carbon dioxide, a phase in which carbon dioxide is at such high temperature or 
pressure that it behaves both as a liquid and a gas (Ford, n.d.). 
3 A nitrogen subsitited carbamic acid (or carbamate) can be used in many industrial applications and is formed when 
a carbon dioxide molecule reacts with the primary amine of a peptide chain, or an amino group of an amino acid 
(Curini, Epifano, Matlese, & Rosati, 2002).  
4 CHO refers to cyclohexene oxide, a ring formed by six carbons connected with single bonds that has an oxygen 
group attached to two adjacent carbons.  
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category to a business when determining whether or not to implement a new process. (R. 
Tantayanon, personal communication, Feb 6, 2008) 
 
Environmental impact 
We chose to assess the percent carbon dioxide released, industrial hazards and 
occupational hazards within the environmental impact category. By determining the 
percent carbon dioxide released from a process, we evaluated the various reuse 
processes’ ability to contribute to the mitigation of carbon dioxide emissions. Industrial 
and occupational hazards were 
inversely measured to insure that 
recommended processes are not 
dangerous or harmful. We used 
commonly accepted industrial scales 
and corporate information to 
measure each process. 
Environmental impact was given 30 
points due to its importance towards 
our goal.  
 
Logistical of implementation 
Finally, we evaluated the 
characteristics of each process 
within the logistics category. The 
criteria evaluated within this 
category were the ability to adapt, legislation, and scale of development. Ability to adapt 
refers to the extent that the traditional process is completed in Thailand. If the traditional 
process is not currently done in Thailand, then industries have no reason to adopt the 
novel process because there is no need for it. In addition, we assessed legislation, for or 
against a process, on a positive and negative scale to account for legislation restricting or 
motivating the implementation of a process. The scale of development criterion refers to 
the phase in a processes industrial maturity from research phase to being well established 
in industry. Including these criterions, the logistics of implementation category was 
allotted the remaining 30 points. 
 
Our evaluation of novel carbon dioxide reuse processes, though thorough, was limited by 
the amount of data available for each process. Because of these limitations, we were unable to 
complete evaluations to the depth required by an industry for implementation. Additionally, the 
number of processes evaluated constrained the extent of our recommendations. Both of these 
constraints were a result of the length of time allotted to complete our project and could be 
remedied through further research. 
At the end of this evaluation, each process earned a numerical value based on the criteria. 
The top three processes stood as forerunners and are regarded as a promising reuse process for 
Thailand: supercritical carbon dioxide extraction (53), supercritical carbon dioxide dry cleaning 
(70), and cyclohexene oxide plastics (82). Supercritical carbon dioxide extraction scored well in 
both the environmental impact and logistics of implementation category; however, it did not 
score as well in the economic feasibility category. This was due to the low NVP and relatively 
small economic market. Supercritical carbon dioxide dry cleaning had a better NVP, yet an even 
smaller economic market. The production of cyclohexene plastics, conversely, rated well 
Table 2: Initial value break down of categories and 
criteria 
Category: Criterion: Value: 
Net profit value (NPV) 20 
Payback period (PBP) 10 
Economic 
Feasibility 
(40 points) Market trends 10 
% Carbon dioxide released 10 
Industrial hazards 10 
Environmental 
Impact             
(30 points) Occupational hazards 10 
Ability to adapt 10 
Legislation 10 
Logistics of 
Implementation 
(30 points) Scale of development  10 
Total Value: 100  
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throughout the economic feasibility category, as well as the in environmental impact and 
logistics of implementation categories.  
For further contrast, we compared the top three selected processes against their traditional 
alternative process. This was to successfully illustrate if the carbon dioxide utilizing processes 
was more advantageous than the traditional process. See Table 1 for processes and their 
traditional counterparts. We conducted a side-by-side 
comparison using an additional evaluation, similar to 
the first. This second evaluation kept all but two 
criterions. The ability to adapt criterion was omitted 
as traditional processes have already been 
implemented; thus, processes cannot be equally 
compared in this category. Percent carbon dioxide 
emitted was also removed since the traditional 
processes generally do not require the use of carbon 
dioxide as a raw material. Thus there is only slight 
potential for carbon dioxide emissions to occur. The 
points were then distributed amongst the remaining 
criterion within each category. Through evaluating each process in comparison to its traditional 
counterpart, we found each process to be more advantageous than traditional process. See Table 
3 for a list of the categories and points allotted.  
Through the completion of this project, we recommend 
1. cyclohexene oxide plastics,  
2. supercritical carbon dioxide dry cleaning, and 
3. supercritical carbon dioxide extraction of oils  
as three processes currently viable for implementation into Thai industry. Through our analysis, 
we determined that each of these novel reuse processes is economically feasible, 
environmentally friendly, and logistically suitable. We also concluded that the novel carbon 
dioxide utilizing processes were an improvement over the traditional process. The novel, reuse 
processes usually faired similar to their traditional counterparts in the economic feasibility 
category; however, they had tremendous, health and environmental advantages over the 
traditional processes.  
In addition, we concluded that: 
1. producing biodiesel from algae,  
2. dyeing textiles using supercritical carbon dioxide, and 
3. dry reforming methane with carbon dioxide  
are processes that could be viable for Thai industry in the future, but require further development 
prior to implementation. These three conceptual processes could have a great environmental 
impact if adopted, but currently limitations in the processes prevent them from being 
implemented industrially.  
Beyond recommending, we also produced documentation for both the business and 
academic community. For each industrially recommended process, a one-page summary 
highlighting the points of interest was created. This document was geared to provide members of 
the business world a brief but informative glance at a novel carbon dioxide utilizing process. In 
addition to the one-page summaries, we completed a stand-alone review of the analyzed 
processes written for those of the science-based academic community. This document was 
intended to provide academics with specific information regarding the three recommended 
Table 3: Processes and their numeric 
evaluation scores 
Process: Points: 
Dry Ice Blasting 26 
Carbamate Production 27 
Dry Reforming 34 
Textile Dyeing 36 
Recycling Plastics 44 
Algae Biodiesel 53 
ScCO2 Extraction 54 
ScCO2 Dry Cleaning 71 
CHO Plastics 82 
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processes and three conceptual processes, as well as their traditional counterpart. The data within 
the document included the process’s operation, its advantages and disadvantages, as well as 
recommendations for further research. It is through these two documents that we hope to 
facilitate industrial, carbon dioxide reuse in Thailand and potentially mitigate carbon dioxide 
emissions. 
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1.0 INTRODUCTION  
 
The Intergovernmental Panel on Climate Change stated in its most recent report that 
mankind is responsible for global warming through the emission of greenhouse gases, and 
mitigation of the problem will only be possible with a drastic reduction in world-wide carbon 
dioxide emissions (Metz, 2007; Parry, 2007; Solomon, 2007). Scientists anticipate that 
atmospheric concentrations of greenhouse gases will continue to rise throughout upcoming 
decades. When trapped in the atmosphere, these gases cause worldwide temperature changes 
known as global warming, which has, scientists speculate, caused extreme temperature 
fluctuations resulting in coastal flooding, crop failure, and the disruption of natural habitats 
(National Resource Defense Council, 2007; U.S. Environmental Protection Agency, 2008c). Due 
to these and other high risks, decisions are being made by international organizations, 
policymakers, and scientists to reduce greenhouse gas emissions in the hope the effects of global 
warming will diminish (U.S. Environmental Protection Agency, 2008a).  
In the past decade, environmental researchers have focused efforts on mitigating carbon 
dioxide. This gas is the most obvious target for reduction because it accounts for 69.6% of 
worldwide greenhouse gas emissions and is released through many mechanized sources (U.S. 
Environmental Protection Agency, 2008b). Emission reductions have been made around the 
world by increasing the efficiency of industrial processes, sequestering captured greenhouse 
gases, and reusing the generated gases. Though this research is beneficial, no globally applicable 
solution has been or is likely to be found due to the economic, cultural, and legal constraints of a 
location. More likely, each nation or region will develop its own solutions to this global problem.  
 Our work focuses specifically on carbon dioxide mitigation in Thailand, where carbon 
dioxide emissions have increased 101% from 1990 to 1999 (“Insuring Energy Security,” n.d.). In 
1999, the electricity and heat production sector emitted more carbon dioxide than any other 
sector in Thailand, approximately 38% of the total emissions (Figure 1). The electricity and heat 
production sector combined with the manufacturing and construction sectors, which release 
greenhouse gases in a similar manner, account for just under two thirds of the carbon dioxide 
produced in Thailand. The combined, carbon dioxide emissions from these sectors accounted for 
approximately double the transportation emissions (“Climate and Atmosphere—Thailand,” 
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2003). Consequently, targeting the 
energy and manufacturing sectors to 
aid in the mitigation of carbon 
dioxide will allow for the largest 
overall decrease in emissions. 
Reuse is generally the most 
advantageous method of carbon 
dioxide mitigation, since industries 
can profit from sales of carbon dioxide 
as well as mitigate their carbon dioxide emissions. The Petroleum Authority of Thailand (PTT) is 
just one example of a Thai industry reusing its carbon dioxide waste. When the PTT extracts 
crude natural gas, it contains approximately 25% carbon dioxide. The carbon dioxide is 
separated from the natural gas and sold to a purification company, Thai Industrial Gas (TIG) that 
in turn sells the carbon dioxide to the soda and dry ice industries (S. Jiasiripongkul, personal 
communication, February 12, 2008). Because the carbon dioxide market is small, companies 
have limited buyers and are restricted in the quantity of sales. By expanding this carbon dioxide 
market, the amount of carbon dioxide reuse could greatly increase. Additionally, by introducing 
new reuse processes into Thai industry and increasing the carbon dioxide market, carbon dioxide 
emitting companies could be motivated to capture and sell their once wasteful byproduct.  
The goal of this project, sponsored by Chulalongkorn University, was to provide 
recommendations of novel carbon dioxide reuse processes that are economically, 
environmentally, and logistically favorable in Thailand. We chose to research novel processes 
due to their unknown and innovative nature within the industrial sector as well as the expanding 
interest in them within the research community. We examined novel carbon dioxide reuse in 
both the conceptual and industrial phase of development and evaluated the economic, 
environmental, and logistical values of each process. Using this evaluation and an additional one 
comparing the novel processes to their traditional counterpart, we provided recommendations of 
carbon dioxide reutilizing processes for both industrial and academic audiences in Thailand.  
By identifying economically, environmentally, and logistically viable ways for industries 
to reuse carbon dioxide industrially, companies would have a greater understanding of their 
carbon dioxide reuse capabilities. If Thailand sets the example, industries globally could follow 
Figure 1: Thailand’s 1999 CO2 Emissions by Sector 
Source: “Climate and Atmosphere Thailand” 2003. 
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suit and adopt greener industrial processes. Adoption of reuse processes would result in 
significantly lowering carbon dioxide emissions, while industries benefit from the creation of 
synergies. 
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2.0 BACKGROUND 
 
Awareness about global warming has begun to rapidly grow throughout the world; and 
consequently, multiple governments have been pushing for the reduction of greenhouse gases in 
the hopes of reducing the effects of global warming. We will begin this chapter by introducing 
the theory of global warming and its effects, as well as carbon dioxide’s influence on this 
phenomenon. This will lead us to a discussion of industrial metabolisms and the ways in which 
scientists and industries have attempted to mitigate greenhouse gas emissions such as carbon 
dioxide. We will conclude by reviewing the industrial culture in Thailand, and the Thai efforts to 
becoming a “greener” country.  
  
2.1 Global warming 
The information surrounding global warming has grown immensely over the past decade. 
According to the United States Environmental Protection Agency (2008c), global warming is an 
increase in the temperature of the troposphere (the layer of atmosphere closest to the earth) and 
can contribute to drastic alterations in global climate. When sunlight strikes the earth’s surface, a 
portion is reflected back towards space as infrared radiation, which cannot pass through the layer 
of greenhouse gases. As a result, heat is trapped in the atmosphere (Environmental Information 
Administration, 2004b).  
Both the National Aeronautics and Space Administration and the National Oceanic and 
Atmospheric Administration have determined that the global temperature has increased 0.66°C 
to 0.78°C in the last 100 years, and the latest eleven years ranked in the top twelve hottest years 
recorded since 1850. Though this does not seem like a large increase, scientists have predicted 
further temperature increases if this trend continues (U.S Environmental Protection Agency, 
2008a). Some of the more apparent results, of this temperature increase, are melting polar 
icecaps, increased coastal flooding, and disruption of natural habitats. These negative effects will 
continue to alter the way of life for all species throughout the world until the problem is 
addressed (National Resource Defense Council, 2007). The most apparent and accepted way to 
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begin reducing the effects of global warming is through global reduction of greenhouse gas 
emissions (Metz, 2007; Parry, 2007; Solomon, 2007). 
 
2.2 Carbon dioxide and its influence in global warming 
Greenhouse gases are released in multitude of ways, both naturally (e.g. volcanic 
activity) and artificially (e.g. gas or oil refinement and use). Greenhouse gases include carbon 
dioxide and carbon monoxide, and have always been present in trace amounts (1%) in the earth’s 
atmosphere (NOAA’s Office of Oceanic and Atmospheric Research, 2007). Due to the global 
ecosystem’s ability to balance itself, the earth can recover from slight fluctuations in greenhouse 
gases. However, with the increase in technology at its present rate, greenhouse gas levels have 
gone beyond the threshold of natural recovery (United Nations Environment Programme - World 
Meteorological Organization, 1997).  
 Because carbon dioxide is so commonly released from industrial processes and accounts 
for 69.6% of the greenhouse gases emitted, it is an apparent starting point for greenhouse gas 
reduction (U.S. Environmental Protection Agency, 2008b). Volcanoes are natural contributors to 
the release of carbon dioxide, emitting an estimated 255 million tons each year (U.S. Geological 
Survey, 2006). While natural processes produce a substantial amount of carbon dioxide, artificial 
processes, such as energy production and automobile use, release approximately 30 billion tons 
of carbon dioxide each year (International Energy Agency, 2005). Thus, the amount of carbon 
dioxide released by man-made sources is significantly greater than those that are released 
naturally. In 2005, the International Energy Agency (2005) determined that 37.2%, 18.4%, and 
16.8% of the total global carbon dioxide emissions were released from the public electricity/heat 
production, transportation, and manufacturing industries/construction sectors, respectively. 
Decreasing carbon dioxide emissions from the industrial sector is not the most advantageous 
sector to target, since it does not release the largest percentage of carbon dioxide. However, any 
steps towards reducing greenhouse gas emissions are beneficial to the environment. Scientists 
have researched ways to lower industrial emissions through improving process efficiency, 
storing industrial byproducts or reusing industrial waste.  
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Figure 2: Illustration of Linear Industrial 
Metabolism 
2.3 Industrial metabolism models and their influence on mitigation 
techniques 
In this section we will discuss different adaptations of material flows that can facilitate a 
reduction in carbon dioxide emissions. Two types of material flows will be discussed: linear 
industrial metabolism and cyclic industrial metabolism. Efficiency increase, sequestration, and 
reuse will then be discussed as possible adaptations to industrial material flows that promote 
carbon dioxide mitigation. We will then review eco-industrial parks and the role that a cyclic 
industrial metabolism has in establishing them. With this knowledge in mind we will move to a 
discussion of the steps that have been made by Thai industry thus far to adopt techniques of 
reuse. We will conclude by explaining why Thailand is a paragon of a country ready to adopt 
reuse processes.  
 
Linear industrial metabolism 
 Every industry has an industrial metabolism, which refers to the path that materials 
follow as they are utilized by industry (Lowe, 2002). By 
studying and refining these metabolisms, industries can 
increase their production as well as reduce the amount of 
waste created. Many industrial processes follow the 
linear model of industrial metabolism. The linear model 
“traces material and energy flows from initial extraction 
of resources through industrial and consumer systems to 
the final disposal of wastes” (Lowe, Warren, & Moran, 
1997). Figure 2 illustrates the traditional linear model 
of industrial metabolism. In the linear model, natural 
resources are taken in, refined into raw materials, and 
further processed into products. Waste material, however, is produced and released into the 
atmosphere or dumped into landfills. Carbon dioxide is often one of the many byproducts that 
are released when a company’s industrial metabolism follows the linear path.  
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Increasing the efficiency of a process  
One way that scientists have attempted to reduce carbon dioxide emissions is through 
refining a process’s linear industrial metabolism to increase its efficiency. In this manner, carbon 
dioxide emissions are not completely eliminated but can be significantly reduced. Efficiency 
improvements occur when the operating conditions of a process, such as temperature or pressure, 
are altered (Lowe et al., 1997). These adjustments can increase the ratio of product produced to 
waste created; however, some carbon dioxide is still released into the atmosphere.  
 
Capturing and transporting carbon dioxide 
Mitigation techniques that differ from improving efficiency require the use of capture and 
transport for completion. Methods of industrial capture and transport have already been heavily 
researched to determine efficient and cost effective systems. In this section we will describe one 
capture technique followed by the various techniques used to transport excess carbon dioxide. 
One of the commercialized techniques to capture carbon dioxide is through 
monoethanolamine (MEA) scrubbing. Industrial plants often use this method to capture carbon 
dioxide from crude natural gas or coal fired power plants. The amine-based solvent “scrubs” 
carbon dioxide off of flue gases, and can be further distilled to obtain high purity carbon dioxide. 
The MEA scrubbing technique is able to capture approximately 98% of the carbon dioxide 
within the crude natural gas (Singh, Croiset, Douglas M., & Douglas P., 2003). Capturing waste 
carbon dioxide, through methods such as MEA scrubbing, is essential to greenhouse gas 
mitigation. Once the carbon dioxide has been captured, it needs to be moved efficiently and 
inexpensively to the next location for further uses.  
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Figure 3: Cost Comparison of Carbon Dioxide 
Transportation Methods. Source: Svensson et al., 2004.  
 There are various methods of transportation, each with its own benefits and 
disadvantages. The main methods to transport 
gases are pipeline, automotive, railway, and 
water carriers. Pipelines are advantageous 
because they provide continuous flow from the 
emission source to the utilization location. 
According to a carbon dioxide transportation 
study by Svensson, Odenberger, Johnsson and 
Streomberg (2004), pipelines have the lowest 
operation cost of all transportation methods; 
however, the drawbacks include a high investment cost and dependence on terrain. Carbon 
dioxide can additionally be transported on roadways in trucks. This method has one of the lowest 
investment costs and is more adaptable for extensive area coverage. Railway, like automobile 
transportation, has a lower investment cost; however, trains unlike automobiles are constrained 
by railway locations just as pipelines are constrained by terrain (Svensson et al., 2004). Figure 3 
shows more detailed cost comparisons. Depending on the location of the carbon dioxide 
producing industry and end destination, some of these methods will be more advantageous than 
others. An existing pipeline, railway, or road infrastructure can also influence which of these 
methods would be most efficient. 
 
Sequestering carbon dioxide 
Sequestration can be considered the middle alternative between increasing a process’s 
efficiency and reutilizing byproducts. It is still a linear process yet has the potential to eliminate 
most industrial waste. Sequestration, first theorized in 1990, entails the capture and long-term 
storage of carbon dioxide, generally in large geologic formations. An example of this type of 
mitigation is the ten year long project to sequester carbon dioxide in sandstone formations 800 
meters under the North Sea. Sequestrations similar to the North Sea project are low cost, almost 
maintenance-free, and able to hold up over time (Benson et al., n.d.). Though sequestration is a 
very effective way to reduce greenhouse gases, like increasing efficiency, it provides little to no 
capital gain to an industry unless mitigation incentives are established in a given location 
(Benson et al., 2000; Haefeli, Bosi, & Philibert, 2004). Though there are potentially limits for 
 
 24 
storing carbon dioxide, the IPCC estimates over 1000 Gigatonnes of carbon dioxide can be 
stored geologically (Metz, 2005). Altering a linear metabolism model to incorporate 
sequestration can be beneficial to mitigate carbon dioxide emissions; however, utilizing a cyclic 
industrial metabolism allows for mitigation as well as utilization as a natural resource. 
 
Cyclic industrial metabolism 
As a cleaner substitute to the linear 
model of industrial metabolism, the cyclic 
model provides an alternative for companies 
and addresses environmental issues while 
providing economic gain. As seen in Figure 4, 
the cyclic model takes waste produced during 
product creation and reintroduces it into the 
system as a natural resource (Lowe et al., 1997). 
Two benefits that arise from adopting a cyclic 
industrial metabolism are lowering the strain on 
natural resources while reducing the quantity of 
pollutant created during manufacturing. Furthermore, a waste capturing company is able to reap 
economic rewards by selling its byproduct to another company that utilizes it industrially. This 
synergistic relationship between producing and reutilizing companies can result in economic 
benefits for both companies.  
 
Reusing carbon dioxide 
Combining a cyclic industrial metabolism with the technical processes of capture and 
transport forms the technique of mitigation known as “reuse.” Recycling waste follows a cyclic 
industrial metabolism and allows for cooperation between industries. It should be noted that the 
kind of industries that can benefit from reutilization depend on the type of waste being recycled. 
Reuse focuses on mitigating carbon dioxide through the alteration of carbon dioxide into another 
substance that it is not harmful to the environment. In some cases, however, this is not possible 
and carbon dioxide is utilized as a solvent or medium in which a process takes place. Carbon 
Figure 4: Illustration of Cyclic Industrial 
Metabolism 
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dioxide is utilized in many industries as either a raw material or a medium in their processing. 
Two of the more common uses are in the soda and dry ice production industries, both of which 
often obtain purified waste carbon dioxide from other industries and utilize it as a raw material 
(S. Jiasiripongkul, personal interview, February 12, 2008).  
Unlike sequestration and increasing a process’s efficiency, using a cyclic industrial 
metabolism provides industries with an economic boost in addition to mitigating greenhouse 
gases. These reuse systems also reduce the strain on natural resources. Though many of the 
technical procedures of reuse have been introduced throughout the world, there are still many 
places in which industries are not aware of these environmentally friendly and economically 
favorable processes.  
 
The formation of eco-industrial parks 
A potential end goal of cyclic industrial metabolism and the technique of reuse is the 
creation of eco-industrial parks. In an eco-industrial park, industries collaborate with local 
communities and municipalities to reuse all industrial and natural byproducts. Eco-industrial 
parks are usually located in residential areas as a way to provide employment and goods with 
limited transportation required. One of the most developed is the town of Klaundbork in 
Denmark: 
A web of waste and energy exchanges occurs in Kalundbork between the city, a power plant, a 
refinery, a fish farm, a pharmaceuticals plant, and a wallboard manufacturer. The power company 
pipes residual steam to the refinery, and in exchange receives refinery gas (which used to be 
flared as waste). The power plant burns the refinery gas to generate electricity and steam and 
sends excess steam to the fish farm, the city and the pharmaceuticals plant. Sludge from the fish 
farm and the pharmaceutical processes become fertilizers for nearby farms. A cement company 
uses fly ash from the power plant, while gypsum produced by the power plant’s desulphurization 
process goes to a company producing gypsum wallboard (Brand & De Bruijn, 1999). 
Though the eco-industrial park in Klaundbork developed naturally, it is possible to assist 
industries down this path through the adaptation of cyclic industrial metabolisms. Currently there 
are no set methodologies regarding the development of an eco-industrial park; however, many 
researchers have stated that developing countries are key areas for introducing industrial reuse. 
Thailand is a prime candidate for development towards cyclic industrial metabolisms and 
potentially towards the formation of eco-industrial parks due to its expanding industrial 
 26 
capabilities and economic potential. Though the introduction of an eco-industrial park is a lofty 
goal, introducing reuse procedures is a critical aspect, and the first step towards creating one of 
these parks. 
 
2.4 Industrial culture and green initiatives in Thailand 
A few companies within Thailand are currently utilizing the technique of reuse without 
the motivation from governmental legislation. Two companies in particular exemplify the 
technique of reuse: the Siam City Cement Company (SCCC) and the Petroleum Authority of 
Thailand. Though the government has not yet made a solid push towards environmentalism, 
Thailand has planned environmental legislation. Between corporate influence and impending 
legislation, Thailand stands the chance of being a leader in environmental change.  
The Siam City Cement Company is a forward thinking Thai company that has taken the 
lead in adopting cleaner industrial standards through increasing industrial efficiency and the 
adoption of a cyclic industrial metabolism. The SCCC has increased its process efficiency to 
manufacture cement using a reuse technique called co-processing in order to reduce the amount 
of carbon dioxide waste produced. Co-processing is a method in which alternative fuels and raw 
materials, such as cornhusks and waste rubber parts instead of coal and lignite, are utilized as 
fuel during the cement manufacturing process. Since 1999, over a million tons of waste has been 
co-processed into cement by SCCC, replacing over three million tons of coal per year with 
alternative fuels and raw materials. This reuse of materials has significantly reduced the carbon 
dioxide emissions produced by the SCCC (www.siamcitycement.com).  
The Petroleum Authority of Thailand (PTT) has also reduced its emissions of harmful 
gases, including sulfur dioxide and nitrous oxide, as stated in its 2006 sustainability report (PTT 
Public Company Limited, 2007). In addition, the PTT captures waste carbon dioxide as it is 
emitted from the refinement of natural gas. Using the amine scrubbing technique, carbon dioxide 
is captured, transported, and then sold to Prexair or Thai Industrial Gas for further purification. 
Lastly, the purified carbon dioxide is resold to dry ice and soda companies (S. Jiasiripongkul, 
personal interview, February 12, 2008). Together, these companies demonstrate cyclic industrial 
metabolism through the capture, purification, and reuse of carbon dioxide.  
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Currently there are no laws limiting carbon dioxide emissions in Thailand. However, the 
“Policy and Prospective Plan for Enhancement and Conservation of National Environmental 
Quality 1997-2016” aims for the integration of natural resource management and conservation of 
environment quality with sustainable economic and social development. This legislation has 
been put in place to ensure the quality of life in Thailand (ASOSAI, 2001). Since this plan takes 
effect by 2016, industries that choose to adopt cleaner industrial metabolisms will have a lead in 
adhering to the terms of the legislation. The SCCC and the PTT have taken the initiative to 
become more environmentally friendly preempting any legislation requiring them to do so. 
Though these and other companies have taken steps to reduce their carbon dioxide emissions, it 
would be beneficial to increase the market for carbon dioxide utilizing processes for two reasons. 
First, the creation of an open market could drive industries towards capturing their emitted 
carbon dioxide. Secondly, these markets could provide carbon dioxide mitigation through 
environmentally friendly reuse process. Increasing the carbon dioxide market would, 
consequently, help to mitigate the release of this prevalent greenhouse gas. 
Working together, the global research community and industries can work together to 
promote the adoption of new processes that reduce greenhouse gas emissions. While several 
companies in Thailand have already taken steps to mitigate carbon dioxide, there are still more 
opportunities for greenhouse gas emission reduction. Through providing recommendations of 
potential reuse processes, additional companies may begin to capture and sell their carbon 
dioxide, indirectly resulting in the mitigation of a harmful greenhouse gas. 
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3.0 METHODOLOGY 
 
The goal of our project was to provide recommendations of novel carbon dioxide reuse 
processes that are economically, environmentally, and logistically favorable in Thailand. We 
chose to research novel processes due to their unknown and innovative nature within the 
industrial sector as well as the research community’s growing interest in them. With these 
recommended carbon dioxide reuse processes, the limited carbon dioxide market could be 
expanded, benefiting the environment as the economy. We used a four step processes to obtain 
our goal: 
1: Investigate novel processes that use carbon dioxide 
2: Evaluate and eliminate reuse processes based on selected categories: economic feasibility, 
environmental impact, and logistics of implementation 
3: Evaluate and eliminate reuse processes based on a traditional process comparison 
4: Compile recommendations tailored for business and academic communities 
We completed these tasks in a period of eight weeks in Thailand. The sections that follow 
explain the details of our information gathering and evaluation methods.  
 
3.1 Investigate novel processes that use carbon dioxide  
We began the project by searching for industrial processes, anywhere in the world, that 
utilize carbon dioxide. In this section, we will describe the search methods employed to identify 
and learn about as many candidate processes as possible. Through the accumulation of many 
carbon dioxide utilizing processes, we provided inclusive recommendations for Thai industries. 
We used online resources from both the industrial sector and academic community to 
search for industrial processes. Often, we found novel reuse processes by scanning online 
databases of academic journals, such as Science Direct and Web of Science, which include 
journals that provide current information about technical processes. We also used search engines, 
such as Google™ and Yahoo™, to find companies that use carbon dioxide in their processes. 
Scientific texts were also utilized; however, we found information difficult to obtain and out of 
date. Our project sponsor, Dr. Supawan Tantayanon, provided us with suggestions of processes 
that she had been informed of through her work in Chulalongkorn’s Green Chemistry 
Department.  
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Once, we accumulated a number of processes, searching for information on each of them 
began. Information sought including data describing the process, its advantages and 
disadvantages, and any tests the process underwent. For this purpose, we used Internet journal 
articles, corporate websites, newspapers, books, and patents. These sources contained the most 
up to date information regarding scientific developments and provided us with not only operation 
specifications, but also monetary values. Often, references in one source would lead us to more 
information, different businesses, and other reuse processes that we had not considered. Our 
team discontinued actively searching for new, carbon dioxide reuse processes once the rate of 
findings began to significantly diminish. However, we continued to add processes if new 
information was obtained. 
During the information search, we made an immediate judgment as to whether a process 
should be considered further. If we found a process to release more carbon dioxide into the 
atmosphere than it mitigated, it was immediately eliminated. This criterion ensured that 
recommended processes do not have an inverse environmental impact.  
 
3.2 Evaluate and eliminate reuse processes based on selected categories: 
economic feasibility, environmental impact, and logistics of implementation  
 In order to determine whether or not a process was applicable to Thai industry, we 
created an inclusive evaluation. The first thing described in this section is the evaluation we 
developed to judge each process. We will review how the evaluation was broken down into 
categories that were used to evaluate each of our processes. We then cover the criteria within 
each category as well as describe the value scale created in order to equally evaluate each 
process. Through creating this evaluation, we uniformly judged each process in many fields 
relevant to each process’s introduction to Thai industry.  
 
Evaluation Summary 
We developed three categories of criteria to evaluate each process: economics, 
environmental impact, and logistics of implementation. We then systematically broke down each 
category into points of interest, criterion, that were utilized in evaluating if a process was 
favorable for implementation. Table 4 illustrates of our completed evaluation. 
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Table 4: Comparative analysis of carbon dioxide reuse processes 
Category Criterion Scale 
0 = Infeasible 
1 = 0 - 3.3E8 
2 = 3.3E8 - 6.6E8 
3 = 6.6E8 - 1 billion 
Net Present Value (NPV) (20):  
4 = 1 billion+ 
0 = Never get payback 
1 = 10+ years 
2 = 5 - 10 years 
3 = 3 - 5 years 
Feasibility 
study (30) 
Payback period (PBP) (10):  
4 = 1 - 3 years 
1 =1-999 million THB 
2 =1000 - 9,999 million THB 
3 =10,000 - 99,999 million THB 
Current sales (5) 
4 =100,000+ million THB 
-1 = <0% 
0 = 0% 
1 = 1 – 5% 
2 = 5 – 10% 
3 = 10 - 15% 
4 = 15 - 20% 
E
co
no
m
ic
 F
ea
si
bi
li
ty
 
 (
40
) 
Market 
trends (10) 
% Sales growth (5) 
5 = 20%+ 
1 = 100% Released  
2 = 75 - 99% Released  
3 = 50 - 74% Released  
4 = 25 - 49% Released  
% of Carbon Dioxide released (10) 
5 = 0 – 24% Released  
0 = Extreme hazard  
1 = Serious hazard 
2 = Moderate hazard 
3 = Slight hazard 
Industrial hazards (10) 
4 = No or minimal hazard 
-1 = Very high risk 
0 = Some safety gear required 
E
nv
ir
on
m
en
ta
l I
m
pa
ct
 
 (
30
) 
Occupational hazards (10%) 
1 = No risk 
0 = Traditional not done in Thailand 
1 = Traditional done in Thailand- small scale Ability to adapt (10)  
2 = Traditional done in Thailand -large scale 
-2 = Legislation controlling process in place 
-1 = Legislation controlling process planned 
0 = No legislation in place or planned 
1 = Legislation providing for this process planned 
Legislation (10) 
2 = Legislation providing for this process in place 
1 = Research phase only 
2 = Pilot scale 
3 = Newly developed  L
og
is
ti
cs
 o
f 
Im
pl
em
en
ta
tio
n 
 (
30
) 
Scale of development (10) 
4 = Fully developed 
 
We also assigned weighted, numeric values to each criterion based on importance. We 
then developed a numerical scale in which the smallest number had the most undesirable affect 
and the largest number had the most favorable affect. Using this scale, we determined 
appropriate numeric values to fill out the chart for each reuse process. This scale allowed us to 
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sum the weighted, numeric values assigned for each criterion in order to rank each carbon 
dioxide reuse process. The evaluation went from negative 15 points, the least advantageous 
process, to 100 points, the most advantageous process. A process can receive a negative value if 
its characteristics in a particular criterion are detrimental. With this list of criteria, our team 
sought the remaining data to fill the gaps in our prior research. Once we accumulated the 
necessary information regarding each process, evaluations and eliminations of processes could 
take place.  
 
Economic Feasibility 
Whether or not a company could undertake the economic burden of adopting a new 
process is essential to determine if a process would be feasible for Thai industry (R. Tantayanon, 
personal communication, Feb 6, 2008). Because of its importance, we gave economic feasibility 
40 points on the total numerical scale for the evaluation. In order to better understand standards 
of economic feasibility, we consulted Dr. Rewat Tantayanon, a Chulalongkorn University 
economics lecturer. On Dr. Rewat’s suggestion, we chose to do a Net Present Value (NPV) 
study, a Payback Period (PBP) evaluation, and an analysis of market trends. These standards are 
explained further in Appendix B.3.   
 
Net Present Value 
An NPV assessment compares the value of a monetary investment today to the value of 
that same assessment in the future, making sure to take interest and returns from that investment 
into account. This assessment is critical to determine the rate at which an investment will make 
money as well as the final monetary accumulation after given period of time. Generally, if the 
NPV is greater than zero it is a good investment and as the NPV increases the better the 
investment becomes. Without this knowledge, a company cannot make decisions about whether 
or not a process is worth investing (R. Tantayanon, personal communication, Feb 6, 2008). The 
NPV of a process was given 20 points of the total amount allotted in the evaluation.  
An NPV is conducted by collecting data including the interest rate, period of operation, 
initial costs, and variable costs and revenues (such as the cost of materials and sales price). We 
obtained the required information through interviews either in person, over the phone, or through 
email with various industries, as well as further web searches and literature review. The interest 
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rate we used was 7.23%. See Appendix A for a list of contacts. This information was transcribed 
into a Microsoft Excel™ formula, which solved for a value either greater or less than zero. For an 
example, see appendix F If the value is greater than zero the investment is said to produce 
positive returns and thus should be accepted. The scale we developed for NPV ranked from zero 
to four; the details can be seen in Table 4.  
 
Payback Period 
The PBP is the time at which the initial investment and operating costs are recouped 
through the sales of product. An example of this type of calculation can be seen in Appendix F. 
Without a PBP evaluation, a company cannot assess if it can take the loss incurred before 
obtaining profits (R. Tantayanon, personal communication, Feb 6, 2008). This criterion was 
allotted 10 points of the total amount possible in the evaluation. 
The information needed to determine a PBP included the same information required for 
an NPV study with the addition of time values. This data includes start up cost, operation time, 
operation cost, raw material cost, units produced, and selling price. We gathered these numeric 
values through interviews, company websites, and academic literature. See Appendix A for a list 
of contacts. The values determined for PBP were also systematically ranked from zero to four, 
where a zero would correspond to never paying back an investment and four would correspond 
to reaching the payback point in less than a year. See Table 4 for details regarding the breakdown 
of this scale.  
 
Market Trends 
The market trends surrounding a particular sector of industries also played a role in 
deciding economic feasibility. Through evaluating marketing trends, we could decipher if a 
particular market was expanding and at what rate. If an industry is expanding at a significant rate 
or is already a considerable size, the likelihood of adopting a new process is increased. It was 
because of this marketing was broken down into two sections, current sales (as of September 
2007) and percent growth over the past seven years. The market trends criteria were allotted 10 
points of the total score that were divided equally among the current sales of an industrial sector 
criterion and the percent increase in sales criterion.  
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Information regarding sales and percent growth was determined from the Stock Exchange 
of Thailand website. We placed each process into an industrial sector (e.g. energy or cosmetics) 
listed in the archival data. Then the current sales and average percent increase over seven years 
was found for each industrial sector a process was grouped into. The scale for current sales in an 
industrial sector is from one to four to determine. Similarly, we developed a scale for the percent 
increase in sales of a sector where though this scale went below zero to account for negative 
sales growth. Further detail on these scales can be seen in Table 4.  
  
Environmental impact 
Alongside economics, we reviewed and evaluated the environmental impact of each 
process. We broke this category into scaled criteria, including the percent of carbon dioxide 
released through completion of each process, the environmental hazards associated with the 
chemicals used in a process, and the industrial hazards associated with each process. These were 
important criteria to evaluate each process on due to their their relationship with our goal. 
Knowing the amount of carbon dioxide released as well as environmental and operational 
hazards associated with a novel process, allowed us to determine if a process adheres to our goal 
and can be considered as a recommendation. We allotted this category 30 point of the total point 
scale for the evaluation.  
 
Percent of carbon dioxide released 
The percent of carbon dioxide released criterion measures the amount of carbon dioxide 
emitted through the completion of one “cycle” of each process. We included this criterion 
because we sought to recommend processes that mitigate carbon dioxide. This criterion was 
allotted 10 points of the total awarded in the evaluation.  
The only data we required to evaluate this criterion was the amount of carbon dioxide 
released through the completion of this process. The carbon dioxide produced through electricity 
generation and other indirect sources was not taken into account when evaluating processes in 
this criterion. This information was gathered through interviews, company websites, and 
academic literature. See Appendix A for a list of contacts. In order to evaluate this criterion, we 
created a scale from one to five in which the extent of carbon dioxide released was evaluated. 
See Table 4 for an in depth listing of this scale. 
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Industrial hazards 
 The industrial hazards criterion includes whether or not the materials needed for 
completion are rated as hazardous. We measured the industrial hazards of each process using the 
National Fire Protection Agency (NFPA) scale. This scale measures if a component of a process 
is a health hazard, flammable, or reactive. This is a commonly used scale to measure industrial 
hazards in the United States; thus, the information was readily available for input into our 
evaluation. By measuring certain environmental components of each process on this scale, we 
determined the extent of the environmental hazards associated with each particular process. This 
process was also allotted 10 points of the total available in the evaluation.  
 The information required to evaluate the industrial hazards criterion included the various 
materials necessary for the completion of each process and their ratings on the NFPA scale. In 
most instances, we interpreted Material Safety Data Sheets, more commonly referred to as 
MSDS, to obtain the NFPA data on material used in a process. If an MSDS was unavailable for a 
process, we used information from company websites. Basing the scale used to evaluate this 
criterion off of an inverse of the NFPA scale, we rated extremely hazardous materials as a zero to 
harmless materials as a four. See Table 4 for a more in depth break down of this scale. 
 
Occupational Hazards 
 In addition to industrial hazards, we rated the occupational hazards associated with each 
process. Occupational hazards include the operating conditions such as high pressure or 
temperature. We included this information to evaluate whether a process is harmful to those 
working in its vicinity. If a process has extremely high occupational hazards it will not be 
appealing for a company to adopt due to the high risks and dangers associated. This criterion was 
allotted 10 points of the total available in the evaluation.  
To determine the industrial hazards of each process, we reviewed the safety 
recommendations for each process against Occupational Safety Hazard Administration (OSHA) 
standards. Though the OSHA scale is not used in Thailand, the processes are uniformly 
evaluated on this scale if they are implemented in the United States. This allowed the 
information to be readily available and definite. We gathered information for this criterion 
through interviews and company websites. For a list of contacted companies see Appendix A. 
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Processes that included very hazardous operating conditions were rated with a numeric value of 
negative one; and as the degree of the hazard decreased, the scale elevated systematically to one. 
See Table 4 for a more complete explanation of this scale.  
 
Logistics of implementation 
By identifying the logistics of implementation of each novel reuse process; we gauged 
factors that contribute to a company’s ability and interest in adopting a new process. The 
criterions within this category were the ability to adapt, legislation, and the scale of development. 
This category was allotted the final 30 points available in the evaluation 
 
Ability to adapt 
The ability to adapt criterion defined the extent that the traditional process is practiced in 
Thailand. This did not include monetary values associated with an industry, but rather how many 
industries there are using a specific traditional process in Thailand. We evaluated this point 
based off the idea that if the traditional process is not done or if there is no market for it in 
Thailand, then there is no reason to implement a new process, as there is already little need for it. 
This criterion was allotted 10 points of the total allowed in this category.  
To evaluate the ability to adapt criterion, we used online searches and interviews with 
members of the business and academic community to determine the extent industry exists in 
Thailand. If an industry is present in Thailand, we attempted to gage its size though interviews 
with our sponsor, as well as further online searches. See appendix A for a list of contacts. If a 
traditional process is not industrially implemented in Thailand, the novel process received a 
score of zero for this criterion. This scale increases systematically as the extent of the traditional 
process increases in Thailand. See Table 4 for a more complete explanation of this scale.  
 
Legislation 
The legislation criterion refers to the extent laws provide for the restriction or promotion 
of any processes. We considered the legislation behind each process because current or pending 
legislation could require companies to meet various environmental standards. Additionally, 
processes that are heavily restricted will be less feasible to due to the additional costs resulting 
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from legislation. This criterion was allotted 10 points of the total amount available in this 
evaluation. 
We investigated the Thai legislative system in order to determine the extent laws 
promoted or restricted any of the reuse processes. Information regarding legislation in Thailand 
was found predominantly through online searches and interviews with Thai citizens. We used the 
Thai Department of Pollution Control’s website when researching this information online. We 
developed a scale from negative two to two. Refer to Table 4 for an additional explanation of this 
scale.  
 
Scale of Development 
The scale of development criterion assessed how developed a process currently is in 
industry, such as if it is still in the research phase of development or if it is a fully developed 
industrial process. This was important as it evaluated whether a process can be introduced into 
industry currently or if there is still further research required before it can be commercialized. If 
a process cannot currently be implemented in industry, than it is not a practical to recommend 
that process. This process received the final 10 points available in this category.  
In order to evaluate the scale of development criterion, we sought data regarding whether 
or not a process is strictly research phase, pilot plant scale research, newly implemented into 
industry, or fully developed within industry. We determined a process’s current scale of 
development (research phase, etc.) by searching through online search engines to find companies 
that do or do not use a process, and online journal articles and studies which have been done on 
the processes. This criterion was evaluated on a scale from one to four. For a complete 
description of this scale see Table 4.  
Once we created the categories, criteria, and scales, we scored each process to determine 
the frontrunners in our evaluation with which to carry on investigations. Through this first 
evaluation, we demonstrated that the top processes were economically, environmentally and 
logistically favorable when compared based on their own merits. Additionally, these evaluations 
provided evidence as to why recommended processes are feasible for introduction in to Thai 
industry.  
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3.3 Evaluate and eliminate reuse processes based on traditional process 
comparison 
The evaluation method described in section 3.2 characterizes each carbon dioxide 
utilizing process on its own merits. In most cases, however, a business would need to switch 
from its current, traditional process to the new, carbon dioxide process. Therefore, the economic, 
environmental, and logistical value of the traditional process is also relevant. To evaluate the 
frontrunners of the first evaluation against their traditional counterparts, we created an evaluation 
comparable to the first, including similar criterion and numerical scales. If the traditional process 
was shown to be more advantageous than the novel carbon dioxide utilizing process, we 
eliminated the novel process. Through completing two rounds of evaluation, we determined not 
only if a process is feasible on its own, but also if it is beneficial for a company to adopt the new 
process over the more traditional one. 
 Our second evaluation 
followed the format of the first with 
the exception of the removal of two 
criterions, percent of carbon dioxide 
released and ability to adapt in 
Thailand. See Table 5 for a revised 
point comparison. The traditional 
processes did not require carbon 
dioxide as a raw material, so this 
criterion became problematic. Though removing this criterion forced us to reorganize the allotted 
points in the environmental impact category, it would be unjustifiable to compare the two 
processes in this criterion. Similarly, we omitted the ability to adapt criterion since the traditional 
processes are already implemented in Thailand, thus there could be no equal comparison. The 
completed evaluation can be found in Appendix E. 
In this second evaluation, we kept the points for the main three categories the same and 
reorganized the allotted points for the individual criteria within each of the categories. Since the 
criteria did not change within the economic feasibility category, we kept all points the same. In 
the environmental impact category, we gave both industrial and occupational hazards 15 points. 
In the logistics of implementation category, legislation was given 15 points as there is legislation 
Table 5: Traditional comparison points breakdown of the 
three categories 
Category: Criteria: Points: 
NPV (net present value) 20 
Economic Feasibility 
PBP (payback period) 10 
Industrial hazards 15 
Environmental Impact 
Occupational hazards 15 
Legislation 15 Logistics of 
Implementation Scale of development 15 
Total points: 100 
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in place that affects many traditional processes. Finally, scale of development was also given 15 
points because the scale of the processes affects an industries ability to adopt a new process.  
With this second evaluation in place, we assessed the carbon dioxide utilizing processes 
against their traditional counterpart. If a traditional process scored higher in this evaluation, the 
carbon dioxide process would be eliminated from our recommendations. This enabled us to 
determine if our recommendations were comparable to the traditional process under our criteria.  
 
3.4 Document processes and recommendations for the business and 
academic communities 
Once we had identified the most favorable processes for Thailand, we condensed the 
information regarding each process into two documents. The first document was a one-page 
summary that could be given to industries. These one-page summaries explained the advantages 
and disadvantages of implementing a carbon dioxide utilizing process. In addition, we created a 
scientific review document outlining the top three recommended processes that are currently 
feasible for implementation in Thailand, along with three additional processes that have further 
research potential in Thailand. This document contained all data relevant to select processes and 
was intended for the academic community. 
The one-page summaries briefly highlighted information regarding the economic 
feasibility, environmental impact, and logistics of implementation of each process. We also 
included a section explaining the benefits of adopting this novel process over the more traditional 
one. Information in each category was chosen based on its impact and relevance to the business 
community. We created these one-page summaries in order to provide members of the business 
world a brief but dense glance at the novel carbon dioxide utilizing process. We presented these 
one-page summaries to various industries; and based on their reactions, we revised the content of 
the documents. Mr. Wichian Chokpituksonbut, the owner of an agarwood oil extraction plant, 
and Dr. Nuanpen of Foamtec International, a polyurethane foam manufacturing company, 
provided feedback on summaries intended for their industries.  
In addition to the one-page summaries, we created a stand-alone review document 
including specific information regarding the science and technology surrounding each process. 
This document included detailed descriptions for the recommended processes, their traditional 
counterpart, and the reviewed conceptual processes. This document provided the data utilized in 
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our evaluations as well as the recommendations for further researchers regarding the analyzed, 
carbon dioxide processes. By including this information, we hoped to reduce the time spent 
determining which processes can be implemented, as well as identify those most viable for 
further study.  
Our project centered on providing recommendations of economically, environmentally, 
and logistically favorable carbon dioxide reuse processes to Thai industries. Our methodology 
entailed researching a multitude of carbon dioxide reuse processes and evaluating their 
economic, environmental, and logistical value both alone and in comparison to the traditional 
process they would replace. After each stage of comparison, processes were assessed and 
eliminated due to poor performance in the evaluations. After evaluations, we were left with our 
recommendations of reuse processes for Thai industries. Going beyond recommending, the 
information acquired regarding each process was compiled and formatted for both the business 
and academic communities.  
 
 
 40 
4.0  FINDINGS 
 
We begin this chapter by summarizing all of the opportunities for carbon dioxide reuse in 
industry that we found in our information search. We will then present our completed 
evaluations of reuse processes. This will lead us to a discussion of our analysis of the three 
processes that show particular promise. For these we will present a more detailed review of how 
the carbon dioxide based process compares to the traditional process in terms of economic value, 
environmental value, and logistics. This will be followed by the limitations we encountered 
while evaluating each process. We will conclude this chapter by explaining the materials we 
created to distribute this information to the academic and industrial communities. 
 
4.1 Industrial uses of carbon dioxide worldwide 
  We found that carbon dioxide is utilized in industry in a multitude of ways. We grouped 
each process into four major types: well established commercial uses of carbon dioxide, 
conceptual uses (research based), novel uses as a medium, and novel uses as a reagent (see Table 
6). In this section we explain the meaning of each of these classes and the candidate processes 
we identified within each.  
We categorized the processes according to whether or not they are ready to be introduced 
into Thai industry. We did not present 
processes that we found to be well 
established to Thai industry as they are 
currently being practiced; thus they do 
not need to be recommended. These 
processes included dry ice production for 
use in refrigeration, as well as soda and 
beer carbonation.  
 We also found a number of 
processes that are in the research phase 
of development and, to the best of our 
Table 6: Selected process and their types 
Process Type: Process: 
Beer carbonation 
Soda carbonation Well established uses of carbon dioxide Dry ice production  
Dry reforming of methane 
Supercritical carbon dioxide 
textile dying 
Conceptual uses of 
carbon dioxide 
Creation of algae biodiesel  
Supercritical carbon dioxide 
extraction of oils 
Enhanced oil recovery 
Supercritical carbon dioxide 
dry cleaning 
Dry ice metal degreasing  
Novel uses of carbon 
dioxide as a medium 
Recycling plastics 
Carbamate production Novel uses of carbon 
dioxide as a reactant CHO plastics production 
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knowledge, have not yet been commercially implemented anywhere in the world. Dry reforming 
methane with carbon dioxide, dyeing textiles with supercritical5 carbon dioxide, and producing 
biodiesel from algae are all processes that could be implemented with further development. In 
the process of dry reforming, methane combines with carbon dioxide over a catalyst to produce 
synthetic gas which can be used to make pure hydrogen or liquid alternative fuels, among other 
things (Aker Kværner ASA, 2003; Edwards & Maitre, 1995). Carbon dioxide in a supercritical 
phase has liquid and gaseous properties that allow it to act as a solvent medium to dye textiles 
(van der Kraan, Fernandez Cid, Woerlee, Veugelers, & Witkamp, 2007). Biodiesel can be 
produced from the oil in algae that is made through capturing carbon dioxide for use in 
photosynthesis (Briggs, 2004).  
 We divided the types of novel processes into two categories: those that use the carbon 
dioxide as a medium, and those that use the carbon dioxide as a reagent. When carbon dioxide is 
used as a medium it usually replaces the solvent in which a process takes place. Using carbon 
dioxide as a medium creates the potential for it to be released into the atmosphere through leaks 
or process inefficiencies. Reviewed processes that use carbon dioxide as a medium are 
supercritical carbon dioxide extraction of oils, enhanced oil recovery, supercritical carbon 
dioxide dry cleaning, metal degreasing, and recycling plastics. Supercritical carbon dioxide can 
be used as a solvent to extract oils from plant material, and to remove dirt particles and 
impurities from both laundry and plastics (Cool Clean Technologies Inc., 2005; Ford, n.d.; North 
Carolina State University, 2003). The process of enhanced oil recovery involves mixing carbon 
dioxide with crude oil within a petroleum reserve to increase crude oil output (U.S Department 
of Energy, 2008). In metal degreasing, dry ice pellets are shot at machinery in need of cleaning. 
When the dry ice pellets hit the machinery, they sublimate causing the dirt/grease build up to 
flake off as a result of enormous volume change due to carbon dioxide sublimation (Cold Jet, 
LLC, 2008). 
 Using carbon dioxide as a reagent will prevent it from ever being released because the 
carbon dioxide goes through a chemical process that changes or “fixes” it into a completely 
different compound. This category of novel processes includes the production of carbamates, an 
organic nitrogen containing compound used in the production of pharmaceutical drugs and 
                                                       
5 supercritical carbon dioxide is a phase in which carbon dioxide is at such high temperature or pressure that it 
behaves both as a liquid and a gas (Ford, n.d.). 
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insecticides (Curini, Epifano, Matlese, & Rosati, 2002). Plastics created from cyclohexene oxide 
are also produced using carbon dioxide as a reagent and can be used in all of the same 
applications as traditional polyurethane (Adrianus van Schilt, 2006; G. Coats, personal 
communication, January 22, 2008). See Table 9 for a list of processes and their categories. 
  
4.2 Analyses and elimination of processes using novel process evaluation 
In this section we present the highlights of our evaluation of each of the novel carbon 
dioxide reuse processes. The full results can be found in Appendix C. We will explain what 
processes were eliminated and why, as well as how we narrowed down out list to the more 
promising processes for Thailand. This was our initial assessment in determining which 
processes would be practical for Thailand. 
 
Analyses of eliminated processes 
 The following section will describe which processes have been eliminated and the 
reasoning thereof. Analysis of each process using our evaluation resulted in it receiving a point 
value representing its achievement. Additionally, points that processes received correspond to 
the practicality of introduction into Thai industry.  
 Though the process of enhanced oil recovery scored fairly highly in our evaluation (70) it 
was eliminated immediately. While enhanced oil recovery is economically feasible and fairly 
easy to implement, it facilitates the refinement of fossil fuels, which when burned, release 
extensive amounts of carbon dioxide into the atmosphere. By releasing this much carbon 
dioxide, enhanced oil recovery violates our conditional criterion that processes mitigate more 
carbon dioxide than they release.  
 Dry ice metal degreasing was the second process to be eliminated using the evaluation. 
Though cleaning metals using dry ice pellets is far safer for the environment than the traditional 
chemical and water methods, all of the carbon dioxide used is released back into the atmosphere 
once the process is complete. Furthermore, dry ice metal degreasing scored relatively low in our 
evaluation meriting only 26 out of the 100 points possible. Receiving this low score shows that 
carbon dioxide metal degreasing is not economically, environmentally, or logistically favorable 
for introduction into Thai industries.  
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Dry ice metal degreasing is missing information regarding the net present value (NPV) 
and payback period (PBP) because metal degreasing does not produce a saleable product, and 
thus does not make a company any money directly. The only money gained through adopting 
this process is the amount saved from switching to this novel process from a more expensive 
traditional one (Pollution Prevention Equipment Program, 2002; R. Leung, personal 
communication, February 10, 2008). Since there are many traditional methods it is difficult 
determine the economic data required to complete the NPV and PBP criteria. Because economic 
feasibility information is missing this process automatically lost the 30 points allotted to NPV 
and PBP.  
 The third process eliminated was the production of carbamates, which accumulated a 
value rating of only 27. Though there are many materials produced from carbamates throughout 
the world, their production is only one step in a chain of chemical reactions that eventually yields 
a marketable product. As a consequence, we were unable to find any information regarding the 
economic feasibility of carbamate production, which is the primary reason for its low rating. 
There are also a variety of different carbamates used and produced throughout the world, all of 
which have different environmental and industrial hazards. The production of carbamates is too 
broad of a process to be able to accurately determine its practicality for Thailand. 
The next process we eliminated was dry reforming methane with carbon dioxide to 
produce synthesis gas. Not only is this process still in the research phase of development, but it is 
also not yet economically feasible. The NPV does not show a value greater than zero for up to 
thirty years past the initial investment (Aresta, Caroppo, Dibenedetto, & Magarelli, 1999). Dry 
reforming methane with carbon dioxide only scored 34 points in our evaluation.  
Although dry reforming scored low as a result of its lack of economic information, we 
still believe that with continued research on this process, implementation in the future could be 
possible. The process of reforming methane with carbon dioxide is just one step in a multi-step 
reaction to produce end products such as alternative liquid fuels and pure hydrogen gas, thereby 
fixing carbon dioxide. As a result, dry reforming prevents carbon dioxide from being released 
into the atmosphere, so it is a very beneficial process that deserves continued research. 
 We also eliminated textile dying using supercritical carbon dioxide, since its rating was 
only 36%. The textile industry in Thailand is very large and has over 400 dyeing firms, which 
would make this process very beneficial for implementation in the textile industry; however, the 
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use of supercritical carbon dioxide for this process is still in the research phase of development, 
and there is little information available to calculate economic feasibility (Lotharukpong, n.d.). 
Though textile dying scored low for its current feasibility, with further research, this may be a 
viable process for Thailand as the market potential is so high. 
 The process that utilizes carbon dioxide to recycle plastics only scored a 44. The score for 
recycling plastics was low because we were unable to determine NPV and PBP. There is 
currently only one company in the world, Eco2 Plastics Inc. in California, U.S.A., commercially 
using this process and it was only operational for one month at the time of our research. As a 
result there are available figures for implementation cost or operation cost, which are necessary 
to calculate NPV and PBP.  
 Producing biodiesel from algae was also eliminated at this point because it is only in the 
research phase of development. Because it is in the research phase, we recommend algae 
biodiesel (53 points) highly for further research, but not for immediate implementation into 
industry. Algae biodiesel’s performance in the NPV criterion was greatly affected by the low 
revenues used in calculations. The revenue used was low because it was estimated by the 
Environmental Information Agency who took into account government subsidies of fuel (Radich, 
2004). This resulted in a skewed NPV, which lowered the score the algae biodiesel process 
recieved in the economic feasibility category. See Appendix E for the economic values obtained 
for algae biodiesel. Other than algae biodiesel’s poor performance in the economic feasibility 
category, the process preformed very well in all other categories.  
 
Analyses of recommended processes 
According to our evaluation, the three most feasible processes for implementation into 
Thai industry are supercritical carbon dioxide extraction of oils, supercritical carbon dioxide dry 
cleaning, and cyclohexene oxide plastics production from limonene oxide. The level of 
performance of each process will be discussed in this section. Table 7 displays the evaluation of 
these three processes. Additionally, three conceptual processes, producing biodiesel from algae, 
dry reforming of methane, and using supercritical carbon dioxide in textile dyeing, were 
recommended for further research prior to implementation. We did not further analyze these 
processes because they are still in the research phase. Because these processes are still in the 
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research phase data regarding economic feasibility, environmental impact, and logistics of 
implementation is very limited.  
 
Table 7: Top three carbon dioxide reuse processes 
  
Category Criterion Scale Oil Extraction 
Dry 
Cleaning 
CHO 
Plastics 
0 = Infeasible 
1 = 0 - 3.3E8 
2 = 3.3E8 - 6.6E8 
3 = 6.6E8 - 1 billion 
Net present 
value (20)  
4 = 1 billion+ 
1 4 4 
0 = Never get payback 
1 = 10+ years 
2 = 5 - 10 years 
3 = 3 - 5 years 
Feasibility 
study  
(30) 
Payback 
period (10) 
4 = 1 - 3 years 
3 4 3 
1 =1-999 
2 =1000 - 9,999 
3 =10,000 - 99,999 
Current sales 
(5) 
4 =100,000+ 
2 1 4 
-1 = <0% 
0 = 0% 
1 = 1 – 5% 
2 = 5 – 10% 
3 = 10 - 15% 
4 = 15 - 20% 
Ec
on
om
ic
s 
Fe
as
ib
ili
ty
 
(4
0)
 
Market 
trends 
(10) 
% Sales 
growth (5) 
5 =20%+ 
3 1 3 
1 = 100% Released  
2 = 75 - 99% Released  
3 = 50 - 74% Released  
4 = 25 - 49% Released  
% of carbon dioxide 
released (10) 
5 = 0 – 24% Released  
4 5 5 
Chemical: Ethanol CleanN Green®  
Limonene 
oxide 
Health: 2 3 3 
0 = Extreme 
hazard 
Flammability: 1 4 2 
Reactivity: 4 3 4 1 = Serious 
hazard Chemical: CO2 gas CO2 gas CO2 gas 
Health: 3 3 3 2 = Moderate 
hazard Flammability: 4 4 4 
Reactivity: 4 4 4 3 = Slight 
hazard Chemical: CO2 liquid CO2 liquid CO gas 
Health: 1 1 2 
Flammability: 4 4 0 
Industrial hazards (10)  
4 = No or 
minimal hazard 
Reactivity: 4 4 4 
-1 = Very high risk 
0 = Some safety gear required 
En
vi
ro
nm
en
ta
l I
m
pa
ct
 
(3
0)
 
Occupational hazards (10)  
1 = No risk 
0 0 1 
0 = Traditional not done  
1 = Small scale Ability to adapt (10)   
2 = Large scale 
2 2 2 
Lo
gi
st
ic
s 
of
 
Im
pl
em
en
t
at
io
n 
 (3
0)
 
Legislation (10) -2 = Legislation controlling process is in place 0 0 0 
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-1 = Legislation controlling process is 
planned 
0 = No legislation in place or planned 
1 = Legislation providing for this 
process planned 
 
2 = Legislation providing for this 
process in place 
   
1 = Research phase only 
2 = Pilot scale 
3 = Newly developed  
 
Scale of development (10) 
4 = Fully developed 
4 4 4 
Total points: 54 71 83 
 
Supercritical carbon dioxide extraction of oils 
 The use of supercritical carbon dioxide to extract oils from plant material was the first 
recommended process for implementation into industry. Our individual reuse process evaluation 
showed that oil extraction had a fairly low net present value, meaning the rate at which it 
accumulates profits is low. Net present value was difficult to calculate as we accumulated 
varying values for sales and operation cost. See Appendix E for the actual values used in the 
economic feasibility of this process. The values we used were from an academic journal article 
and a commercialized supercritical carbon dioxide extraction oil company because the 
interviewed companies were not operating on a commercial scale, and were producing a different 
quality of oil.  
Additionally, the numbers we used were only for the production of agarwood oil, a type 
of cosmetic oil that is commonly produced in the Trat region of Thailand. The current sales of 
the cosmetic market, the industrial sector that oil extraction was placed, were low. Since 
agarwood oil is a major exported product, the values gained from reviewing the cosmetic market 
in Thailand may not be very accurate. The low current sales resulted in a fairly low overall rating 
for economic feasibility. These are the only two criterions that oil extraction scored low in.  
 Oil extraction scored very well in percent carbon dioxide released as only 25 percent of 
the carbon dioxide used is released after each extraction. Additionally, it is possible to capture 
and reuse this released carbon dioxide. The traditional process, steam distillation, is well 
established in Thailand. The use of steam distillation to extract agarwood oil is a one billion 
THB business in the Trat province of Thailand (W. Chokpituksonbut, personal communication, 
February 12, 2008).  
 47 
Upon conducting interviews with owners of agarwood oil extraction plants we learned 
that their largest concern about switching from steam distillation to supercritical carbon dioxide 
extraction is maintaining the quality of the oils. Other than this concern, business owners were 
very excited about the prospect of adopting a new process. They are dissatisfied with the steam 
distillation process due to the length of time required per extraction and the high cost of the 
natural gas fuel. The business owners that we interviewed were prepared to adopt a process that 
has a high implementation cost if they can be ensured that the oil quality will stay the same, and 
the operation cost is lower. We took these interviews into account when reviewing our 
evaluations and determining this processes score for the ability to adapt criteria. Because there 
are many businesses in Thailand utilizing the more traditional process, and these businesses seem 
interested in adopting this process, it was scored highly for ability to adapt. Because the ability to 
adapt and percent carbon dioxide released criterion scored so well, along with fairly high scores 
in other categories, we recommended the use of supercritical carbon dioxide to extract oils from 
plant materials.  
   
Supercritical carbon dioxide dry cleaning 
 The next process that we recommend for implementation into Thai industry is the use of 
supercritical carbon dioxide in dry cleaning. This process scored 20 points better than 
supercritical carbon dioxide oil extraction making it an obvious frontrunner in this evaluation. 
Unlike supercritical carbon dioxide extraction, dry cleaning had a very high net present value. 
However, the current sales and growth of sales are both small. The market size is the only 
criterion that we found to score very low. The other main limiting factor to the introduction of 
this process into Thai industry is the need for specialized detergents that are only available from 
the United States. 
 Supercritical carbon dioxide dry cleaning scored extremely well in net present value and 
payback period. Though the implementation cost is quite a bit higher than that for traditional dry 
cleaning, this was compensated for by the low operation cost. It should be noted that calculations 
for economic feasibility were made based off of running the maximum number of cycles per 
eight hour day, which is unlikely to occur in a dry cleaning business. Additionally, the sales costs 
used were from dry cleaners in the United States utilizing the supercritical carbon dioxide 
process, and may not accurately reflect dry cleaning prices in Thailand. Supercritical carbon 
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dioxide dry cleaning also scored very well in the percent carbon dioxide released criterion 
because only 2% of the carbon dioxide utilized is released each cycle. Supercritical carbon 
dioxide dry cleaning scored well in all of the other categories, because of this it was an easy 
choice as one of the recommended processes.  
 
Cyclohexene oxide plastics 
 Cyclohexene oxide plastics scored highly in every category. The use of carbon monoxide 
was found to be the only aspect that negatively affected a criterion. This is only one material 
used in the production of plastics using cyclohexene oxide. Aside from that, the numbers used to 
calculate net present value and payback period were from an academic journal estimating the 
cost of implementation and operation. Because of this, the NPV could be slightly skewed. 
 We conducted an interview with a representative of Foamtec International, a company 
that produces polyurethane plastics similar to those created using cyclohexene oxide and carbon 
dioxide. From this interview we learned that Foamtec is happy with their current process, 
however a process that eliminates the use of diisocyanate is appealing to them if they can be 
ensured that their product quality will remain the same. They were also interested to learn that 
cyclohexene oxide plastics can be produced with little or no alterations to their current factory. 
We took this positive reaction into account when we were evaluating the ability to adapt criteria 
for this process.  
 We highly recommend allocating carbon dioxide to be reused in the production of 
cyclohexene oxide plastics. This process was found to have high economic, environmental, and 
logistical prowess. Cyclohexene oxide plastics stood out considerably in the NPV, as well as 
current sales. See Appendix E for the economic values obtained for cyclohexene oxide plastics. 
Additionally, no carbon dioxide is released through the production of these plastics. According 
to the inventor of this process, Professor Geoffrey Coates of Cornell University, it is very easy to 
adapt a current polyurethane plastics plant to a cyclohexene oxide plastics plant, and there are no 
occupational hazards associated with this process (G. Coates, personal communication, January 
22, 2008). For these reasons cyclohexene oxide plastics are our first recommendation for 
implementation into Thai industry.  
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4.3 Analyses and elimination of novel processes using comparison to 
traditional counterparts 
Our next stage of evaluation showed that the three most promising process are not only 
favorable based on their own merit but also a significant improvement over the traditional 
processes they would replace. To do this, we evaluated novel processes against their more 
traditional counterparts: the polyol/diisocyanate method of producing polyurethane, 
perchloroethylene dry cleaning, and steam distillation for extraction oil. See Table 8 for the side-
by-side evaluation of the novel and traditional processes.  
 
Table 8: Comparison of scores for novel and traditional processes 
  
Supercritical 
carbon dioxide 
oil extraction 
Steam 
distillation 
Supercritical 
carbon 
dioxide dry 
cleaning 
Perchloroethylene 
dry cleaning 
Cyclohexene 
oxide plastics 
Polyol/diisocyanate 
plastics 
Economic 
Feasibility 18 21 32 32 32 32 
Environmental 
Impact 11 10 13 -5 13 -5 
Logistics of 
Implementation 23 8 15 0 15 0 
Total:  52 39 60 27 60 27 
 
Cyclohexene oxide plastics 
We evaluated the production of cyclohexene oxide plastics compared to the traditional 
methods of producing polyurethane by reacting diisocyanate with polyol. In doing so, we found 
that the benefits of CHO plastics are 33 points greater than using the traditional method. CHO 
plastics were found to have a value rating of 60 points and traditional polyurethane had a value 
of only 27 points. The principal determining factor in why CHO plastics production has more 
benefits than the traditional method is in the use of diisocyanate. This compound is extremely 
reactive, to the point that it must be surrounded by nitrogen gas to keep it from reacting with the 
air. People that work with this compound must wear goggles, gloves, and a mask at all times. 
Though this compound is only moderately flammable as reported by the NFPA, it still causes 
some significant occupational and industrial hazards (Dr. Nuanpen, personal communication, 
February 15, 2008). Creating plastics from cyclohexene oxides and carbon dioxide is the same as 
the traditional process economically; however using the new process, significantly reduces the 
hazards of operation. 
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Dry cleaning with supercritical carbon dioxide 
Traditional dry cleaning uses perchloroethylene as a solvent; whereas, the novel process 
uses supercritical carbon dioxide as the solvent in dry cleaning takes place which dirt is removed 
from fabrics. Upon comparison of carbon dioxide dry cleaning with traditional perchloroethylene 
dry cleaning, we determined that though the novel method has a high start-up cost, its low 
operation cost and low toxicity more than make up for it. Dry cleaners in the United States have 
been moving away from using perchloroethylene because it is harmful to machine operators as 
well as those living in the area of a dry cleaner (DeBare, 2006; U.S. Environmental Protection 
Agency, 2007b). Because perchloroethylene must be heated for use in the in the dry cleaning 
process, some is known to escape in gaseous form when the machine is opened (Dry-cleaning & 
Laundry Institute, 2007). This can result in health problems for those working at the dry cleaning 
facility. When evaluated on the standard scale we developed, we found that perchloroethylene 
dry cleaning receives a score of 27 points to carbon dioxide dry cleaning’s 60 points. This shows 
that carbon dioxide dry cleaning is 33 points better than perchloroethylene dry cleaning. Because 
the point difference between these two processes is so large carbon dioxide dry cleaning is not 
only a good process but better than the most common alternative.  
 
Supercritical carbon dioxide oil extraction  
The traditional process of oil extraction utilizes steam to extract the various oils from 
plant materials, whereas the novel processes operates with supercritical carbon dioxide. By 
comparing steam distillation to the use of supercritical carbon dioxide in extraction, we found 
that though supercritical carbon dioxide oil extraction has a high startup cost, the operation cost 
is low enough to compensate for it. Steam distillation in Thailand requires excessive amounts of 
natural gas (generally the cheapest fuel source) to operate, which releases carbon dioxide into the 
atmosphere and is relatively costly. Though energy is still needed to operate the pressure pumps 
of the supercritical carbon dioxide extraction machine, the energy cost is typically lower and the 
type (electricity) is a generally a cleaner source.  
Steam distillation also requires seven to ten days to complete one extraction, whereas 
supercritical carbon dioxide extraction only requires an average of eight hours to obtain the same 
quantity of oil (W. Chokpituksombut, personal communication, February 9, 2008). A business 
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can complete many more extractions in the same time period and pay less for those extractions. 
Both supercritical carbon dioxide extraction and steam distillation require some processing of the 
oil post-extraction; however, neither is extensive. Due to the reduced heat, the quality of the oil 
extracted using supercritical carbon dioxide is also higher than the same oil extracted from steam 
distillation (N. Uawongyart, personal communication, January 31, 2008). We found supercritical 
carbon dioxide extraction to have a value rating of 52 points on our scale to steam distillation’s 
39 points resulting in a difference of 13 points. 
We did not eliminate any processes at this stage, but rather further developed the quality 
of recommendations we provided. By comparing the novel processes to their traditional 
counterpart we assessed whether or not the novel processes are more practical to adopt. It was 
shown that all of the novel processes are notably more advantageous than their traditional 
counterpart, and therefore better to adopt.  
 
4.4 Documentation for industries and academia  
In this section, we will present the documentation we created for industrial and academic 
use. The one-page summaries created for industry and the scientific review document for 
researchers in academia are shown in Appendix I and K, respectively. These documents included 
information necessary for the two respective factions to make decisions about possible 
implementation or further research for the recommended carbon dioxide reuse processes. We 
revised both documents on recommendations provided by members of the document’s intended 
audience.  
 The one-page summaries briefly highlight information regarding the economic 
feasibility, environmental impact, and logistics of implementation of each of the three 
recommended processes. Information in each category was chosen based on its impact on and 
relevance to the business community. We created these one-page summaries to provide members 
of the business world a brief but dense glance at novel carbon dioxide reutilizing processes.  
Upon taking our one-page summaries to businesses for review, the only recommendation 
we received was to have them translated into Thai. Though this is a necessary next step, it was 
beyond the scope of our project, and we were unable to revise the one-page summaries as 
suggested. As a result, our one-page summaries were not revised further than what was 
recommended by our sponsor and Dr. Rewat.  
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In addition to the one-page summaries, we created a stand-alone review document 
including specific information regarding the science and technology surrounding each of the 
three recommended process and three conceptual processes. This document provides the data 
utilized in our evaluations as well as the recommendations for further researchers regarding 
analyzed carbon dioxide reuse processes. By including this information, we hoped to reduce the 
time spent determining which processes can be implemented, as well as identifying those most 
viable for further study.  
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5.0 CONCLUSIONS AND RECOMMENDATIONS FOR 
FURTHER RESEARCH 
 
In this chapter we will present our three recommendations for carbon dioxide reuse 
processes for Thai industries. These recommendations allow those in the business community to 
make informed decisions regarding implementation. Additionally, we will provide 
recommendations of areas for further research. Through implementation and further research of 
industrial reuse processes, Thai industries can help reduce carbon dioxide emissions and the use 
of other potentially harmful materials, while benefiting financially.  
5.1 Promising processes of carbon dioxide reuse in Thailand 
 Initially, we reviewed ten processes; and through evaluations regarding economic 
feasibility, environmental impact, and logistics of implementation, we eliminated all but the 
three carbon dioxide reuse processes. Additionally, we compared these processes against their 
traditional counterpart in order to further accredit the novel, reuse processes. Our analysis shows 
that cyclohexene plastics, supercritical carbon dioxide dry cleaning, and supercritical carbon 
dioxide oil extraction are the most favorable processes for implementation in Thai industries. 
Though these processes are favorable, further research would be helpful prior to implementation. 
 Cyclohexene oxide plastics received 83 out of 100 points and best met all of the 
economical, environmental and logistical criteria. This plastic production not only removes the 
potential for carbon dioxide to ever be released by fixing it onto another molecule, but also the 
occupational hazards associated with them are very low. We recommend further researching 
additional catalysts for cyclohexene oxide plastics that will increase the efficiency and percent 
purity of the reaction. We also recommend investigating the potential of using locally available 
materials as the monomer for this process. Using local materials would eliminate the need for 
importing or synthesizing chemicals thereby reducing the cost of the material.  
 Carbon dioxide dry cleaning was a strong second choice and received 71 out of 100 on 
the process comparison evaluation. Though supercritical carbon dioxide dry cleaning has a high 
start up cost, the low operating cost, industrial, and occupational hazards more than make up for 
it. Refer to Appendix E for the economic information regarding this process. Supercritical carbon 
dioxide dry cleaning requires the use of a specialized surfactant that is only available in from the 
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United States. Further research towards determining an appropriate surfactant that can be 
produced economically in Thailand would be extremely beneficial towards the ultimate 
implementation of this process. 
 Supercritical carbon dioxide extraction was third with a numeric score of 54. 
Supercritical carbon dioxide extraction provides better quality oil at a lower operating cost than 
the traditional method (steam distillation) (N. Uawongyart, personal communication, January, 31, 
2008). Though the implementation cost of supercritical carbon dioxide extraction is fairly high, 
the amount of oil extracted is far higher in the same time period as steam distillation. See 
Appendix E for the economic feasibility numbers. For this process, we recommend technology 
transfer between researchers and industries. When we discussed supercritical carbon dioxide 
extraction with members of the business community that currently use steam distillation, they 
were concerned about a change in the quality of their product. Facilitation of communication 
between industrial oil extractors and a supercritical carbon dioxide test site, such as the one at 
Thammasat University, could be beneficial in determining whether or not commercialized oil 
extractions are possible. By conducting this further research, it would be possible to not only 
implement these processes industrially but increase their efficiency and money making potential 
as well.  
 All of these carbon dioxide processes received a higher rating than their traditional 
counterparts on the comparison evaluation of the new versus traditional processes. The 
evaluation results reflect that the newer processes are more advantageous than their traditional 
counterparts and implementation of the new processes would be practical. Through the 
completion of these two evaluations, we concluded that the recommended novel carbon dioxide 
processes are more favorable than using the traditional method within the categories of 
economics, environmental hazards and logistics.  
 In addition, we recommended three carbon dioxide reuse processes for continued 
research purposes only. Dry reforming of methane with carbon dioxide, creating biodiesel from 
algae, and textile dyeing using supercritical carbon dioxide, are all still in the research phase of 
development. These processes need extensive research in improving the efficiency with regards 
to economics and the processes themselves before they can be introduced industrially. Through 
collaborative research with institutions throughout the world, these processes could some day be 
implemented commercially and help to contribute to mitigating greenhouse gas emissions. 
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5.2 Limitations and further research 
 Though we made concrete recommendations regarding appropriate carbon dioxide reuse 
methods for Thai industries, we encountered limitations during our research. This section will 
discuss these limitations as well as broad recommendations for further research. These broad 
areas of research are required for more inclusive recommendations of carbon dioxide reuse 
processes.  
 While our research was extensive, due to time constraints, we could not identify all 
possible processes. We recommend that additional carbon dioxide reuse processes are researched 
and evaluated in order to obtain other favorable reuse processes, creating even more availabilities 
for adoption. Additionally, a greater number of processes assessed would lead to providing more 
inclusive recommendations. 
 Furthermore, due to the length of the project, we were unable to carry out tests and 
analyses that could have aided in our determination of reuse recommendations. In addition to the 
net present value and payback period studies we conducted, we could have conducted a social 
feasibility study. This study would show the compatibility of the proposed process in the current 
social environment (Badiru, 1993). According to Dr. Rewat (personal communication, February 
6, 2008), this type of study takes months to complete; however, it would be needed before 
implementation of a new process. Social feasibility studies measure the impact on society 
adopting a new process can incur. Completing a social feasibility study in Thailand on each 
recommended reuse process would show the future social impact of introducing one of these 
processes in Thai industry.  
 Conducting more interviews with industries that utilize the traditional processes would be 
beneficial in order to determine their reaction to potentially implementing this new process. 
Talking with business would also give a greater incite into the Thai business community, 
allowing for a better understanding of what the Thai industries want out of a novel process. 
Interviewing more industries would be useful in our project; thus we suggest further interviewing 
prior to implementation. 
 Lastly, we would like to see our one-sheet summaries translated into Thai. It is through 
our experience while visiting Thai industries that translating these documents into Thai would 
allow the industries to use our work more readily. The easier it is for businesses and researchers 
to understand our work, the more likely it is to be used in the future.  
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5.3 Long-term implications 
 Both members of the academic and business community can use the information 
synthesized in this project to further efforts towards carbon dioxide reutilization. Our 
methodology provides a systematic process for researchers to follow in determining material 
reuse in a given location. We designed our evaluations to be applicable for further research 
regarding carbon dioxide reuse as well as the reuse of other materials. Members of the business 
community who are interested in implementing new processes of carbon dioxide reuse can 
utilize our findings and continue their knowledge of the processes available to them.  
 Our methodology allowed us to limit the multitude of reuse processes we initially found 
to the few that are most favorable to Thai industries. We demonstrated that our recommendations 
are economically, environmentally, and logistically favorable processes suitable for Thai 
industries. Through continuation of our work, these processes could provide Thailand an 
appropriate green solution to the accumulation of carbon dioxide within the atmosphere. 
Implementation of our recommended carbon dioxide reuse processes could prompt collaboration 
between businesses regarding the reuse of additional industrial byproducts. Through this 
collaboration industrial sectors can reduce their waste output while helping to conserve natural 
resources. By mitigating their carbon dioxide emissions and catalyzing industrial change, the 
international industrial community can lead the way in the struggle against global climate change.  
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 APPENDIX A: Company contact list  
 
Contacting companies was essential for refining information needed for our report. The 
companies below represent contacts in both industry and academia. We asked these companies a 
number of questions about their specific processes and outputs, the economics that surrounded 
their operation, environmental impact, and imposed legislation. 
 
We, additionally, spoke with professionals knowledgeable about economics and business 
practices to refine our skills of interviewing to maximize the effectiveness of the limited time we 
had with industries.   
 
Algae Biodiesel:  
 
GreenFuel Technologies Corporation 
735 Concord Avenue 
Cambridge, MA 02138 
United States 
 
Solazyme, Inc.  
571 Eccles Avenue  
South San Francisco, CA 94080 
United States 
Solix Biofuels 
430 N. College Ave. 
Fort Collins, CO 80524 
United States 
 
Vorticom, Inc 
207 East 57th S 
New York, NY 10022 
United States   
 
Carbamate Production: 
 
Sanonda herbicides 
Suite 822, St Kilda Road 
Towers.1, Queens Road,  
Melbourne VIC 3004 
Australia  
Bayer Material Science AG 
Communications, Building K12 
Kaiser-Wilhelm-Allee 
51368 Leverkusen 
Germany 
 
 
 
Ciba-Geigy Corporation 
410 Swing Road 
Greensboro, NC 27419 
United States 
 
FMC Corporation  
1735 Market Street 
Philadelphia, PA 19103 
United States  
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Cyclohexene Oxide Plastics: 
 
Professor Robert M. Coates 
Department of Chemistry 
University of Illinois at Urbana-Champaign 
505 South Mathews Ave.  
Urbana, IL 61801 
United States  
 
Novomer 
South Hill Business Campus 
950 Danby Road 
Suite 198 
Ithaca, NY 14850 
United States 
 
FoamTec International 
Bangkok, Thailand  
 
 
 
 
 
Erik Hoover 
South Hill Business Campus 
950 Danby Road 
Suite 198 
Ithaca, NY 14850 
United States 
 
Dry Cleaning: 
 
David Jackson 
Cool Technologies Inc. 
27636 Avenue Scott, Unit C  
Valencia, CA 91355 
United States 
 
Kim Janecek 
Cool Clean Technologies Inc: 
915 Blue Gentian Rd, Suite 11   
Eagan, MN  55121 
United States 
Jim Steele 
Hangers 
Tramway & Academy 
12231 Academy Rd N.E. Ste #101 
Albuquerque, NM 87111 
United States 
 
James Mayberry 
Solvair Dry Cleaning 
 
 
 
 
 
 
 
 
 
Dry Ice blasting:  
 1 
 
K. H. Richard Leung  
Asia-Pacific Regional Manager  
Cold Jet, LLC  
455 Wards Corner Road Loveland, Ohio 
45140, United States 
 
Geetech Advance Co.,Ltd.  
88 SSP Tower 3, Unit C, 11th Fl, 
Silom Rd, Suriyawongse,  
Bangrak, Bangkok 10500   
Thailand        
Dry Reforming: 
 
Aaron John Sathrum  
Kubiak Laboratories  
4213 Pacific Hall. 
9500 Gilman Drive Dept. 0358 
La Jolla, CA 92093 
United States 
 
Casey Stegman 
Syntroleum Corporation  
Halliburton Investor Relations, Dallas  
United States 
 
Professor Y. H. Ma 
Goddard Hall 114 
Worcester Polytechnic Institute 
100 Institute Rd., Worcester, MA 01609 
United States 
 
Professor Henry Nowick 
Goddard Hall 114 
Worcester Polytechnic Institute 
100 Institute Rd., Worcester, MA 01609 
United States 
Enhanced Oil Recovery: 
 
Eric N. Smith 
Clinical Professor-Finance 
Associate Director of the 
Entergy-Tulane Energy Institute 
A.B. Freeman School of Business 
Tulane University  
Rungroj Chuvaree, Ph.D. 
PTT Public Company Limited  
71 Moo 2 Phahonyotin Road km. 78 
Wangnoi, Ayuttaya 13170 
Thailand  
 
Thana Sornchamni, Ph.D.  
PTT Public Company Limited  
71 M. 2 Phahonyotin Rd. Sanubtup 
Wangnoi, Ayuttaya 13170 
Thailand  
 
 
 
CO2 Purification Company 
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Satit Jiasiripongkul 
The Linde Group 
TIG Air Chemicals Limited  
555 Sukhumvit Rd., T.Maptaphut 
A. Muang, Rayong 21150 
Thailand 
  
 
Recycling Plastics: 
 
Rebecca Raffle  
Eco2 Plastics 
680 Second Street, Suite 200 
San Francisco, CA 94107 
United States 
  
Supercritical Carbon Dioxide Extraction:  
 
Fritz Chess  
Eden Labs: Commercial Extractors 
10 601 W. 5th Ave., Suite 240 
New York, New York  
United States 
 
Wichian Chokpituksombut 
Agarwood Extraction contact 
 
Napaporn Uawongyart  
Department of Chemistry  
Tha Prachan Campus 
Thammasat University  
 
Patrick Pantree 
Agarwood Extraction contact 
Patent owner steam extraction 
Economics: 
 
Professor McRae C. Banks 
Washburn Shops 215 
Worcester Polytechnic Institute 
100 Institute Rd., Worcester, MA 01609 
United States 
Professor Rewat Tantayanon 
Department of Economics 
Chulalongkorn University 
Bangkok, Thailand 
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APPENDIX B: Interview questions and responses 
B.1 Initial meeting with the Petroleum Authority of Thailand 11 January 2008  
B.2 Supercritical carbon dioxide pilot plant interview at Thammasat University 31 January 
2008 
B.3 Feasibility studies questions with Dr. Rewat 6 February 2008 
B.4 Agarwood plantation, steam extraction questions 9-10 February 2008 
B.5 Gas Separation  Plant in Rayong, Thailand informational presentation 12-13 February 
2008 
B.6 Thai Industrial Gas interview questions 12 February 2008 
B.7 FoamTec International interview questions 15 February 2008 
 
B.1 Initial meeting with the Petroleum Authority of Thailand 11 January 2008  
 
1. Where do you get the CO2? 
a. PTT gets the CO2 from Natural gas fields, mostly, off shore sources of oil/natural 
gas 
b. They separate when extracting natural gas◊ sequester the left over CO2 and sell 
what market allows 
2. Where is the CO2 stored and how much is available?  
a. CO2 is stored on site and there is a lot 
3. What are other environmentalists doing? 
a. Sequestering 
b. Planting trees 
4. What do you want to do with the carbon dioxide? 
a. Learn different types of industries that need carbon dioxide and then sell it to 
industries 
5. Is it sold anywhere other than dry ice companies? 
a. Yes, we sell a portion of CO2 to soda industry. 
6. What are the means of transport? 
a. Pipelines and trucks 
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7. Who is your major competitor? 
a. SET  
8. What grade of CO2 is stored? Is there any refinement? 
a. Stored around 99% purity, 3rd party refines it. 
9. Is there any legislation on sequester CO2? 
a. No, currently is no legislation however, it is a potential for the future 
10. Why do you sequester rather than releasing into the atmosphere? 
a. Because we want to make the right decision  
 
B.2  Supercritical carbon dioxide pilot plant interview at Thammasat University 31 
January 2008 
 
1. How much does a supercritical carbon dioxide extraction device cost? 
a. 5 million THB from Masson company in China.  
b. For 8 hour extraction period = 10,000 baht. Raw material must be supplied by the 
company desiring the extraction.  
2. Does the machinery require a lot of maintenance? If so, what is the cost of upkeep of the 
machine? 
a. The operators always need to check the machinery to see if it is working properly 
before each extraction run. 
b. 1st year is free for repairs from Masson. After the first year, if a part of the 
machinery breaks, the cost to repair will vary depending on which part of the 
machine breaks.   
3. Can any type of plant material be extracted? 
a. Only dried plant material 
4. How long does one extraction cycle take? Does it depend on the plant substance or how 
much plant material is put in the machine? 
a. Depends on the plant material 
i. Leafy material ~ 3 hours 
ii. Roots/stems/wood take more time ~ 6 hours 
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5. How efficient is the process (i.e. is all of the oil extracted from the plant material during 
each run or is some left behind)?  
a. Depends on material 
6. How much do you sell the oil for?  
a. The oil is not sold; it is extracted for research purposes only as a co-lab with a 
company or research unit.  
7. How much carbon dioxide is needed? Is it a onetime only purchase because it gets 
recycled? 
a. 4 tanks each with 6 cubic meters of carbon dioxide = 24 cubic meters total (25 kg 
of carbon dioxide per tank = 100 kg total) 
b. Carbon dioxide can only be recycled for the same plant material. Once new plant 
material needs to be extracted, new carbon dioxide is needed. The old carbon 
dioxide is released into the atmosphere. 
8. Where do you get the carbon dioxide and how much does it cost? 
a. 1 tank = ~ 600 baht from Lab Gaz (Thailand) 
9. Is there a small percentage of carbon dioxide released during each process? If so, what is 
the percentage emitted?   
a. Yes, approximately 1 tank (25 kg) of carbon dioxide will leak per run. 
10. Does the machinery require special operators that need special training?  
a. Yes, chemical engineers.  
11. What is the training required for operators?  
a. One month of training done by Masson 
b. Whole learning procedure took about one year (learned by experience) 
12. What are the risks associated with operating the machinery? 
a. If the machinery is not working properly, it can explode because its high pressure 
equipment.  
b. Technicians always check the equipment before each extraction run to see if 
everything is working properly.  
c. Alarm systems in place for pressure changes 
d. So far, there has never been an issue with the machine being unsafe 
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Steam Distillation Extraction:  
Pros: 
• Cheaper for machinery: ~500,000 Baht but power supply not included 
• Extracts a lot of the oil 
Cons:  
• Takes longer than SC-CO2 
• Can degrade plant material used because such high temperatures are used (100 degrees 
Celsius).  
• Can’t extract volatile oils or citrus oils because such high temperatures are used.  
• Changes the scent of the oil to a degree 
 
SC-CO2 Extraction:  
Pros: 
• Takes less time than steam 
• Doesn’t harm plant material because lower temperatures are used (40 degrees Celsius).  
• Can extract all components of plants (color, polarity, molecular weight) through 3 
extractors by varying temp/pressure 
• Good at extracting volatile oils and citrus oils because lower temperatures are used 
• Leaves a natural scent of the oil 
Cons: 
• Equipment is more expensive: ~ 5 million baht 
• Further purification of the material with a co-solvent (ethanol/water mixture) is needed 
because non polar substances (triglycerides) will be extracted along with the polar 
substance. 
  
Additional Facts about SC-CO2 extraction and other information obtained from the meeting: 
o Different pressure/temperature settings affect how well the material is extracted. 
Each plant has its own efficient pressure/temp setting. 
o For the same amount of plant material put through both steam and SC-CO2 
extraction, more oil will be extracted from the SC-CO2 process. 
o There is a big market for citrus oils in Thailand (for example: Kaffir lime oil) 
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B.3 Feasibility studies questions with Dr. Rewat 6 February 2008 
 
1. What information is important for determining the economic feasibility when deciding on 
a new investment?  
a. Commercial Feasibility Study:  
i. NPV(net present value) – calculates the difference between investment 
cost and future return. If the NPV is positive, than the investment is 
feasible. This is the most important information to have in order to 
determine the feasibility of a new investment.  Information needed to 
calculate net present values are: Initial Investment, Operation cost, Sales, 
and rate.  
ii. IRR (internal rate of return) – The required return that results in a zero 
NPV when it is used as the discount rate. The investment is acceptable if 
the IRR exceeds the required return. Not recommended to do this because 
it takes a very long time to complete 
iii. PBP (payback period) – calculates the length of time required to recover 
initial investment cost.  
iv. BEP (break even point) – popular and commonly used tool for analyzing 
the relationship between sales volume and profitability.  
b. Social Feasibility Study** 
2. Do you suggest that we look into market trends of the industries that are associated with 
our carbon dioxide reuse methods? 
No, because we are working on the micro-industry level, market trends don’t matter that 
much.  
Dr. Rewat’s suggestions: 
• Use Microsoft Excel to make these graphs/calculate these values makes it easier 
to do so.  
• Look at the Thai stock market in order to determine the Thai interest rate. 
• Make sure to state all assumptions made to determine these economic models.  
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• On the one page summaries for don’t need to have all of the numbers and 
calculations done for the economic models. Instead, you can list the investment 
cost expenses and then the NPV = # and businesses should understand.  
**Dr. Rewat recommended that our group did not do a social feasibility study because these 
studies take months to complete.  
B.4 Agarwood plantation, steam extraction questions 9-10 February 2008 
 
1. Could you describe the process you use to extract oil from plants?  
a. The agarwood tree is about 7 years old, and holes (wounds) are drilled into the 
tree a certain distance apart from each other, depending on the size and diameter 
of the tree. A mixture of spices/herbs, water, and other ingredients are placed in 
each hole to prevent the wound from healing. Bamboo can also be put in the holes 
to prevent them from healing. This will activate the agarwood tree to produce 
agarwood oil. After about one year, the tree is cut down, cut into smaller pieces, 
and finally ground up into pieces slightly larger than sawdust. The material is left 
out in the sun to dry before extracting the oil for 40 nights. The ground up 
agarwood is then placed in the steam extractor. Water is filled to about 6 inches 
higher than the material. Natural gas is used to fuel the extractor for 5-10 days. 
The water evaporates with the oil, they both condense, and then collect in a 
collecting container. The oil is less dense than the water, and collects on top of the 
water. The agarwood oil is then separated from the water and no further 
purification is necessary.  
2. How much did the steam extraction machine cost? 
a. 20,000 THB  
3. Where did you purchase the machine? 
a. Cambodia 
4. How much does it cost to repair the machinery? 
a. It depends on the part of the machine, but he does the repairs himself. 
5. Are there any dangers associated with operating the machinery? 
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a. No, however, high temperatures are used, so the cooling system needs to be 
checked every 3 hours. There is a sensor to monitor coolant level, and if it gets 
too low, an alarm goes off. This means that more coolant needs to be supplied.  
6. How much water is required for each extraction? 
a. Varies depending on how much plant material is to be extracted. The water level 
is about 6 inches higher than the plant material.  
7. Can any plant material be extracted (type of plant and part of plant, such as leaves vs. 
stems)?  
a. The wood is extracted because that is where the oil is produced.  
8. How long is the extraction process? Does it depend on the plant material? 
a. 5-10 days, depending on the quality of the wood.  
9. How much oil is obtained from the plant material (per kg, or any other unit) during one 
extraction period? 
a. 18 kg of agarwood produces about 8-12 cc of agarwood oil in approximately 5-10 
days.  
10. Is there any further purification necessary after extraction with steam? 
a. No 
11. What are the disadvantages to using steam extraction? 
a. Takes a long time to extract 
b. Natural gas is an expensive form of energy  
12. What are the advantages to using steam extraction?  
a. No further purification is necessary after extraction 
13. Why do you use natural gas as a power source? 
a. Because it is cheaper than electricity.  
14. Are there any other forms of energy that can be used as fuel? 
a. Wood can be used (it is very inexpensive), however natural gas is preferred 
because it burns cleaner.  
15. Who purchases the oil? 
a. Used for religious purposes (Islam) 
b. Used as an ingredient for perfume/cologne 
16. How much do you sell the oil for? 
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a. 12cc = 4500 THB 
b. ~500 mL = 400,000 THB 
17. What do you do with the raw material once it is done with the extraction process? 
a. It is made into incense 
18. Have you ever heard of using supercritical carbon dioxide to extract oils from plants 
instead of using steam? 
a. Yes, and they would like to learn more about the process. They would like to have 
the quality of the oil/scent of the oil to be the same as the oil produced with steam 
extraction. Although the supercritical carbon dioxide method might produce better 
quality oil/more authentic agarwood scent, it might not be what the consumer 
wants, and they’re worried about that. They think that in the future this process 
could be done, but they feel as if more research needs to be done to test the 
extraction of agarwood oil in Thailand.  
19. How much does 1 natural gas tank (48 kg of gas) cost? 
a. 900 THB from PTT 
20. How much does it cost to implement 1 extraction machine? 
a. 10,000 THB or more. It is usually several thousand THB 
21. Do you have to pay taxes for your steam extraction process? 
a. He has to pay taxes to the resource conservation office because the selling, 
growing, and cutting of agarwood are negotiated by the conservation office.  
 
B.5 Gas Separation Plant in Rayong, Thailand informational presentation 12-13 
February 2008 
 
Natural gas was found in the gulf of Thailand in 1973 
 
Gas Separation Units: 
• Unit 1: opened in 1985 and 350 million cubic feet of gas separated/day 
• Unit 2: opened in 1991 and 250 million cubic feet of gas separated/day 
• Unit 3: opened in 1997 and 350 million cubic feet of gas separated/day 
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• Unit 4: opened in 1996 and 230 million cubic feet of gas separated/day (southern 
Thailand). 
Unit 5: opened in _____and 530 million cubic feet of gas separated/day 
 
Gas is colorless, odorless, and has lower density than air 
Gas is transported through a large pipeline (620 km) 
Useful components of raw NG composed of: 
 Methane : goes to energy production of NGV 
o Ethane : makes plastics 
o Propane : polypropylene 
o LPG : fuel for many applications (household, vehicle, etc) 
o NGL : Natural gasoline ◊solvents, gasoline production 
 
Carbon dioxide : dry ice, fire extinguishers, carbonating beverages 
Contaminants in the gas:  
• Hydrogen sulfide 
• Moisture 
• Mercury 
• Carbon dioxide (20%) 
• Sulfur dioxide 
 
B.6 Thai Industrial Gas interview questions 12 February 2008 
 
1. How much carbon dioxide can be stored in your tanks? 
a. Small 150 tons 
b. Medium 500 tons 
c. Large 2500 tons 
2. How much carbon dioxide is purified each day? 
a. 300 tons of carbon dioxide per day, maximum stock is 5000 tons 
3. What is the grade of the carbon dioxide produced? 
a. Beverage grade co2: 99.8% pure 
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b. Food grade co2: 99.98% pure 
4. What are the steps of purification? 
a. First remove hydrogen sulfide 
b. Remove hydrocarbons 
c. Remove moisture 
d. Remove mercury and benzene 
e. Liquefy the gas 
f. Store the gas 
5. Where and how do you get the raw carbon dioxide? 
a. TIG has a pipeline from PTT’s gas separation plant where the raw carbon dioxide 
is supplied. TIG purchases the raw carbon dioxide from PTT 
6. Who purchases the purified carbon dioxide? 
a. soda companies and dry ice companies 
7. How much carbon dioxide do you sell? 
a. From December to April they sell 400 tons of carbon dioxide per day 
b. From May to November they sell 650-700 tons of carbon dioxide per day 
8. How much of the total carbon dioxide sold is beverage grade and food grade? 
a. 75% of the total carbon dioxide sold is food grade (to be made into dry ice) 
b. 20% of the total carbon dioxide sold is beverage grade (to carbonate beverages) 
c. 5% of the total carbon dioxide sold is for other uses 
9. How is the carbon dioxide transported from TIG to other companies? 
a. Carbon dioxide is transported in liquid form in 17 ton trucks 
10. How do you check the purity of the carbon dioxide? 
a. Uses GC to check the purity of the gas as it goes through the purification process 
11. How long is the entire purification process (from raw material to storage)? 
a. 3 hours  
12. How do you dispose of the captured waste materials? 
a. The wastes are sent to a 3rd party to be disposed of. 
13. How much carbon dioxide do you sell? 
a. From December to April they sell 400 tons of carbon dioxide per day 
b. From May to November they sell 650-700 tons of carbon dioxide per day 
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14. How much of the total carbon dioxide sold is beverage grade and food grade? 
a. 75% of the total carbon dioxide sold is food grade (to be made into dry ice) 
b. 20% of the total carbon dioxide sold is beverage grade (to carbonate beverages) 
c. 5% of the total carbon dioxide sold is for other uses 
15. How is the carbon dioxide transported from TIG to other companies? 
a. Carbon dioxide is transported in liquid form in 17 ton trucks 
16. How do you check the purity of the carbon dioxide? 
a. Uses GC to check the purity of the gas as it goes through the purification process 
17. How long is the entire purification process (from raw material to storage)? 
a. 3 hours  
18. How do you dispose of the captured waste materials? 
a. The wastes are sent to a 3rd party to be disposed of. 
 
B.7 FoamTec International interview questions 15 February 2008 
 
1. What chemicals do you use to make polyurethane foam? 
a. Di-isocyanate (Toluene diisocyanate (TDI)) and a polyol. The ratio of both of 
these chemicals are varied to make different density foams depending on what the 
purchasing company wants.  
 
2. Are these chemicals dangerous/toxic? 
a. Di-isocyanate is toxic, when you work with it, it has to be blanketed with nitrogen 
to keep it dry because its very reactive and could react with moisture in the 
air 
3. What safety procedures do workers have to follow when handling these chemicals? 
a. They need to wear safety gear: masks, gloves, work-boots.  
4. Is fuel required for the process of making polyurethane foams? If yes, what fuel is used 
(electricity or gas, etc)?  
a. Electricity, and not much is needed.  
5. Are there any disadvantages to making polyurethane foam this way? 
a. TDI is toxic and requires special handling  
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b. Iso-C requires special handling also? 
c.   Low density foam is made with lots of water which reacts with the diisocyanate 
and this has to be cooled.  
6. What are the advantages to making polyurethane foam this way? 
a. Materials are inexpensive 
7. What does the upkeep of the machinery entail? 
a. The chemicals have to be monitored to see if they are stored correctly and that the 
right chemicals are pumped to make the foam.  
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APPENDIX C: Comparative analyses of carbon dioxide reuse 
processes 
For each carbon dioxide reuse process, we analyzed based on the evaluation below. We obtained 
our information from interviews, and online research. 
 
 
A zoom in our three categories of evaluation below: 
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Economics: 
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Environmental  
Impact:   
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Logistics of  
Implementation: 
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APPENDIX D: Comparative analyses of novel reuse processes to 
their traditional counterpart 
For each process of reuse that made it through our initial assessment of carbon dioxide reuse 
process, a second evaluation was created to analysis the carbon dioxide reuse method to its 
traditional counterpart. The specific processes analyzed are:   
We obtained our information from interviews, and online research.  
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Economics:  
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Environmental  
Impact:  
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Logistics of  
Implementation: 
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APPENDIX E: Evaluation data 
Information that went into the specific evaluations can be seen in the tables below. 
 
Process: Producing Biodiesel from Algae  
Study: Value: 
Economics: 
NPV (net present value)  $110,000,000  
PBP (Payback period) 1 year 
Current Sales 1,140 billion THB 
Sales growth 19.8% 
Environment: 
% Carbon dioxide released 0% 
Biodiesel: 
Flammable 
Carbon Dioxide:  
Industrial hazards 
Asphyxiant 
Occupational hazards Some safety gear required 
Logistics: 
Extent of traditional process Small scale 
Legislation No legislation  
Utilization Pilot Scale 
 
Process: Dry Reforming Methane 
Study: Value: 
Economics: 
NPV (net present value) N/A 
PBP (Payback period) 15 years 
Current Sales 1,140 billion THB 
Sales growth 19.8% 
Environment: 
% Carbon dioxide released 0% 
Methane: 
Extremely flammable 
Hydrogen: 
Extremely flammable 
Carbon Monoxide: 
Health hazard 
Industrial hazards 
Extremely flammable 
Occupational hazards Very high risk 
Logistics: 
Extent of traditional process Small scale 
Legislation No legislation  
Utilization Research Phase only 
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Process: Textile Dyeing Using Supercritical 
Carbon Dioxide 
Study: Value: 
Economics: 
NPV (net present value) Economical unfeasible  
PBP (Payback period) N/A 
Current Sales 65.6 billion THB 
Sales growth -0.02% 
Environment: 
% Carbon dioxide released 0% 
Dye: CI Disperse Blue 3 
Health hazard 
N-methylpyrolidone (NMP) 
Health hazard 
Slightly flammable 
Liquid carbon dioxide: 
Industrial hazards 
Serious health hazard 
Occupational hazards Some safety gear required 
Logistics: 
Extent of traditional process Small scale 
Legislation No legislation  
Utilization Pilot Scale 
 
 
Process: Enhanced Oil Recovery 
Study: Value: 
Economics: 
NPV (net present value) N/A 
PBP (Payback period) N/A 
Current Sales 1,140 billion THB 
Sales growth 19.8% 
Environment: 
% Carbon dioxide released 0% 
Carbon Dioxide Gas:  Industrial hazards 
Slight health hazard 
Occupational hazards Slight risk 
Logistics: 
Extent of traditional process Large scale 
Legislation No legislation  
Utilization Industrially used 
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Process: Dry Ice Blasting to Degrease 
Machinery 
Study: Value: 
Economics 
NPV (net present value) N/A 
PBP (Payback period) N/A 
Current Sales 3.03 billion THB 
Sales growth 11.08% 
Environment: 
% Carbon dioxide released 0% 
Carbon Dioxide Gas:  
Slight health hazard 
Carbon Dioxide Liquid:  
Industrial hazards 
Serious health hazard 
Occupational hazards Very high risk 
Logistics: 
Extent of traditional process Large scale 
Legislation No legislation  
Utilization Industrially used 
 
Process: Dry Cleaning Using Supercritical 
Carbon Dioxide 
Study: Value: 
Economics 
NPV (net present value) 68,500,000 THB 
PBP (Payback period) 0.198years 
Current Sales 0.975 billion THB 
Sales growth 4.82% 
Environment: 
% Carbon dioxide released 2% per load 
CleanNGreen: 
Slight health hazard 
Slightly reactive 
Carbon Dioxide Gas: 
Slight health hazard 
Carbon Dioxide Liquid: 
Industrial hazards 
Serious health hazard 
Occupational hazards Slight risks 
Logistics: 
Extent of traditional process Large scale 
Legislation No legislation 
Utilization Fully developed 
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Process: Recycling Plastics 
Study: Value: 
Economics 
NPV (net present value) N/A 
PBP (Payback period) N/A 
Current Sales 207 billion THB 
Sales growth 25.7% 
Environment: 
% Carbon dioxide released 0% 
Carbon Dioxide Gas:  
Slight health hazard 
Carbon Dioxide Liquid:  
Serious health hazard 
PET: 
Industrial hazards 
Harmless 
Occupational hazards No risk 
Logistics: 
Extent of traditional process Small scale 
Legislation No legislation  
Utilization Industrially used 
 
 
Process: Supercritical Carbon Dioxide 
Extraction of Oils 
Study: Value: 
Economics 
NPV (net present value) 830,000 THB 
PBP (Payback period) 4.17 years 
Current Sales 2.37 billion THB 
Sales growth 13.86% 
Environment: 
% Carbon dioxide released 25-100% 
Carbon Dioxide Gas:  
Slight health hazard 
Carbon Dioxide Liquid:  
Industrial hazards 
Serious health hazard 
Occupational hazards Very high risk 
Logistics: 
Extent of traditional process Small scale 
Legislation No legislation  
Utilization Industrially used 
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Process: Carbamate Production 
Study: Value: 
Economics 
NPV (net present value) N/A 
PBP (Payback period) N/A  
Current Sales 211 billion THB 
Sales growth 26.1% 
Environment: 
% Carbon dioxide released 0% 
Carbon Dioxide Gas:  
Slight health hazard 
Carbon Dioxide Liquid:  
Serious health hazard 
Methylamine: 
Serious health hazard 
Industrial hazards 
Extremely flammable 
Occupational hazards Very high risk 
Logistics: 
Extent of traditional process Not done in Thailand 
Legislation No legislation  
Utilization Industrially used 
 
Process: Producing Plastics from 
Cyclohexene Oxides and Carbon Dioxide  
Study: Value: 
Economics: 
NPV (net present value)  500,000,000 THB 
PBP (Payback period) 3.32 years 
Current Sales 120 billion THB 
Sales growth 11.8% 
Environment: 
% Carbon dioxide released 0% 
Limonene Oxide: 
Slight health hazard 
Moderately flammable 
Carbon Dioxide:  
Asphyxiant 
Carbon Monoxide: 
Slight health hazard 
Industrial hazards 
Extremely flammable 
Occupational hazards Some safety gear required 
Logistics: 
Extent of traditional process Small scale 
Legislation No legislation  
Utilization Pilot Scale 
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APPENDIX F: Feasibility analysis data for selected processes 
*monetary values are in Thai baht 
 
Example calculation 
 
Assumptions     
> All values are made up 
> Company A makes 13 objects in one day 
> The Processing occurs 251 days a year 
> Cost 50 THB for every 5 days of operation  
> 3,000 THB in repairs must be made a year 
> Objects can be sold for 7 THB 
> Equipment initially cost 40,000 THB 
 
Rate of Interest (MLR) %   7.23% 
Initial Investment THB 40,000 THB 40000 
Unit Operation Cost 
THB/
unit 
((50 THB / 5 days of operation) / (13 
objects/day of operation) + (3000 THB / 
year) / (13*251) objects per year) = 
1.688 THB/object 1.688 
Number of Sales per 
period 
units
/peri
od 
(13 objects per day * 251 days) = 3263 
objects per year 3263 
Unit sale revenue THB (7 THB / object) 7 
Sales inflow THB 
Number of sales per year * Sale revenue 
= 22841 THB 22841 
Cash outflow THB 
Number of sales per year * Unit 
operation Cost = 5507.94 THB 5507.944 
Net Cash Flow THB Sales inflow - Cash outflow = 17333 THB 17333.056 
Period of Time Time   5 
 
Net Present 
Value  $30,633.42  = 
PV(Rate of Interest, Period, - Net Cash 
Flow,0,0) - Initial Investment 
 Payback 
Period      2.614968594 = 
NPER(Rate of Interest, Net Cash Flow, 
Initial Investment) 
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Algae Biodiesel 
 
 
 
 
 
 
 
 
Rate of Interest (MLR) % 7.23% 
Initial Investment Baht 1,300,000 
Unit Operation Cost Baht 400,000 
Number of Sales per 
period Units 1 
Unit sale revenue Baht 1,770,000 
Sales inflow Baht 1,770,000 
Cash outflow Baht 392,000 
Net Cash Flow Baht 1,380,000 
Period of Time Time 5 
  per hector 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Assumptions   
• Implementation cost of 40000USD/hectar 
• Operation cost of 12000USD/hectar 
• 15000 gallons of biodiesel/acre/year 
• Price is 1.46USD/gallon 
• 48 Thai baht /gal 
• Operates: 261 days in a year 
Net Present Value   $13,000,000 
 Payback Period 1.02 years 
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CHO plastics 
 
 
 
 
 
CHO Plastics 
Rate of Interest (MLR) % 7.23% 
Initial Investment Baht 1,000,000,000 
Unit Operation Cost Baht 900,000,000 
Number of Sales per 
period Units 1 
Unit sale revenue Baht 1,290,000,000 
Sales inflow Baht 1,290,000,000 
Cash outflow Baht 898,000,000 
Net Cash Flow Baht 388,000,000 
Period of Time Time 5 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Assumptions    
• Implementation cost of 1 billion Thai baht/ per kiloton/ per plant 
• Operation cost of 900million baht per year  
• Amount sold per year: 300 million baht  
• Sell: 700 thousand USD of plastics / month 
• 261 days in a year 
 
Net Present Value  $470,000,000  
 Payback Period      3.32 years 
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Carbon dioxide dry cleaning 
 
 
 
 
 
Carbon dioxide dry cleaning  
Rate of Interest (MLR) % 7.23% 
Initial Investment Baht 5,400,000 
Unit Operation Cost Baht 4,700,000 
Number of Sales per 
period Units 1 
Unit sale revenue Baht 33,000,000 
Sales inflow Baht 33,000,000 
Cash outflow Baht 4,700,000 
Net Cash Flow Baht 28,000,000 
Period of Time Time 5 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Assumptions 
• Load: 40 minutes to run 
• 4380 loads per year 
• 0.61 USD per load 
• 55lb clothes per load 
• Revenue 5.99 USD/lb 
• **365 day in a year 
Net Present Value  $110,000,000  
 Payback Period      2.5 months 
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ScCO2 Extraction 
 
 
 
 
 
 
 
 
Rate of Interest (MLR) % 7.23% 
Initial Investment Baht 5,000,000 
Unit Operation Cost Baht 30,000 
Number of Sales per 
period units 261 
Unit sale revenue Baht 1,400,000 
Sales inflow Baht 1,400,000 
Cash outflow Baht 30,000 
Net Cash Flow Baht 1,400,000 
Period of Time Time 5 
  
 
Assumptions    
• Equipment cost 5 million THB 
• 3.5 kg = 7mL of Oil 
• 500 mL = 400,000 THB 
• Operation cost of .7 Euros per kg 
• 7mL of Oil are made in one 8hr day 
• machine is run 261 days a year 
Net Present Value  $830,000  
 Payback Period      4.17 years 
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APPENDIX G: Feasibility study analysis data for traditional 
counterparts to top three processes 
 
Polyol Diisocyanate Production 
 
 
 
 
 
 
Dry Cleaning with Perchloroethylene 
 
 
 
 
 
 
 
 
Assumptions   
• Initial investment: 1 million USD 
• Sales: 1.20 USD for a 12’12’1’ piece 
of foam 
• Sales: 7.20 USD/ lb 
• Sales: 700,000 USD/ month 
• Operation costs: 1.7 million USD/ 
year 
• *Investment is just for machinery 
• *261 days in a year 
Rate of Interest % 7.25% 
Initial Investment Baht 33,000,0000 
Unit Operation Cost Baht 57,000,000 
Number of Sales per 
period units 1 
Unit sale revenue Baht 275,000,000 
Sales inflow Baht 275,000,000 
Cash outflow Baht 56,500,000 
Net Cash Flow Baht 218,000,000 
Period of Time year 5 
Net Present Value $860,000,000  
 Payback Period 0.156 
Assumptions   
• Initial investment: 30,000 USD 
• 1.03 USD/lb 
• 55 minutes cycle time 
• 55lbs  capacity 
• *365 day/ year 
Rate of Interest % 7.25% 
Initial Investment Baht 980,000 
Unit Operation Cost Baht 5,41,000 
Number of Sales per 
period units 1 
Unit sale revenue Baht 31,400,000 
Sales inflow Baht 31,400,000 
Cash outflow Baht 5,400,000 
Net Cash Flow Baht 26,000,000 
Period of Time Year 5 
Net Present Value $105,000,000  
 Payback Period 0.0391 
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Steam Distillation 
 
 
 
 
 
 
 
 
Assumptions   
• Initial investment: 20,000 Thai baht 
• 18 kg= 1batch 
• 1 tree= 60 kg of wood 
• 1 tree= 1000 Thai baht 
• 1 tank of natural gas= 900 Thai baht 
• 12cc= 4500 Thai baht 
• 261 days in a year 
Rate of Interest % 7.25% 
Initial Investment Baht 20,000 
Unit Operation Cost Baht 1200 
Number of Sales per 
period units 1 
Unit sale revenue Baht 131000 
Sales inflow Baht 131000 
Cash outflow Baht 1200 
Net Cash Flow Baht 129000 
Period of Time year 5 
Net Present Value $506,000  
 Payback Period 0.161 
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APPENDIX I: One-page summaries 
 These one-page documents briefly discuss the novel carbon dioxide utilizing process in a 
format for industrial executives. The process is described while providing economic, 
environmental, and logistical information and weighing the advantages and disadvantages 
compared to the traditional process. Certain processes were brought to industries; and through 
perceived reactions, the pages were edited. The final copies are provided in this document. 
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Supercritical Carbon Dioxide Extraction 
 
Carbon dioxide in its supercritical state, which means it has been heated past 31 degrees Celsius 
and pressurized over 74 bar, is a gas, but as liquid properties. The properties of supercritical 
carbon dioxide allow it to be used as a solvent and can be used in various processes, including the 
extraction of oils, colors, fragrances and other components from plant materials. The carbon 
dioxide is completely removed from the extract and the oil retains its natural aroma/flavor.  
 
Companies: 
 
Companies utilizing process:  Arom Tech (Finland)  
Eden Botanicals (U.S.A) 
Pilot plants: Thammasat University (Thailand) 
Machine Manufacturers:  Eden Labs (U.S.A)  
Thar Technologies (U.S.A) 
Guangzhou Masson New Separation Technology Co. 
Ltd. (China) 
Economics:  
 
Carbon Dioxide Process: 
Cost of machine: 5,000,000 THB 
Cost per extraction: 10,000 THB  
NPV: $9,894,392.89 THB 
 Payback Period: 4.17 years 
 
Logistics of Process: 
 
• 4 tanks of carbon dioxide 
needed (100 kg of CO2 
total) 
• 8 hours for extraction 
• Only dried plants can be extracted 
• Ethanol is needed to purify the extract after the extraction process. 
• Ethanol can be used as a co-solvent to extract polar compounds 
• Equipment needs to be checked by operators before each extraction to make sure 
equipment is working properly 
• 25% of the carbon dioxide is lost every extraction 
• Quality of oils is higher than those extracted using steam distillation 
 
Environmental Impact / Occupational Hazards of Process: 
 
Equipment can only be operated by special operators that can be trained within 1 month. Before 
each run of the machine, it needs to be inspected by the operators because the machinery is highly 
pressurized and could potentially explode if not working properly. There is a pressure change 
alarm system in place. With each run of the machine, approximately 25% of the carbon dioxide is 
released into the atmosphere. Every time a new type of plant material is to be extracted, new 
carbon dioxide is needed and the old carbon dioxide is just released into the atmosphere. This is 
counter intuitive to our project because the reused carbon dioxide is just released into the 
atmosphere. 
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Cyclohexene Oxide Plastics 
 
Combining cyclohexene oxide with carbon dioxide and a zinc catalyst at a pressure of 100psi and 
25°C produces poly (cyclohexene) oxide. 
 
Companies: 
 
Manufacturers:  Novomer Inc. (N.Y., U.S.A.) 
Buyers:   Kodac Inc. (international) 
 
Economics:  
 
Net Present Value: 
470,000,000 THB 
Break Even Point:  
3.32 years 
Initial investment:  
1,110,000,000 THB 
Operating Cost:  
898,000,000 THB/year 
 
Logistics of Process: 
 
• Process completed in 2 hours 
• No additional training required  
• This process can be done with minimal alterations to a current polyurethane factory 
• 100psi and 25°C are the optimal operating conditions 
• zinc catalyst needed 
O
O
C
C
CO O
N
Zn
N
R1
R2
R3
R4
R1
R2
O
O
C
C
O
O
O
[(BDI)ZnOAc]
n
C
O
O
O
n-1
C
O
O
O
n
1a
1b
Coplymerization of trans- (1a) and cis-(R)-Liomonene Oxide (1b) using B-Diiminate Zinc Acetate 
Complexes [(BDI)ZnOAc]
or
 
 
Environmental Impact / Occupational Hazards of Process: 
 
Because the plastics are not made from fossil fuels they help to lessen dependence on oil. The 
creation of these plastics utilizes carbon dioxide as a reagent which fixes the carbon dioxide into 
another molecule and keeps it from being released into the atmosphere and contributing to the 
greenhouse gas effect.  
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Carbon Dioxide Dry Cleaning 
 
Carbon dioxide dry cleaning utilizes carbon dioxide in a liquid form as the medium in which dry 
cleaning takes place.  This is done in multiple companies throughout the United States as a more 
environmentally friendly and safer alternative to using Perchloroethylene. 
 
Companies: 
 
Cleaners:    Hangers Cleaners (U.S.A, 44 locations) 
Machine Manufacturers:  Washpoint (U.S.A), Cool Clean Technologies (U.S.A) 
 
Economics:  
 
Carbon Dioxide Process: 
Cost of machine: 5,390,000 THB 
Cost per lb laundry cleaned: 19.50 THB 
NPV: 68,500,000 THB  
Payback period: 0.198 THB 
 
Traditional Process: 
Cost of machine: 960,000.00 THB 
Cost per load: 480.00 THB 
 
Logistics of Process: 
 
• 35 minute cycle time 
• Cool operating temperature 
• 55 pound cleaning capacity 
• One button operation 
• Utilizes non-flammable gases 
• Consumer Reports ranked carbon dioxide as the most effective form of dry cleaning 
• No additional training required 
• Detergents can be purchased through Caled Chemical, and the Laidlaw Corporation 
• Gas can be supplied through Linde 
 
Environmental Impact: 
 
This process has relatively low environmental impact. Carbon dioxide is an inert gas at room 
temperature and causes not harmful health effects to operators or surrounding community. There 
are no regulations regarding the disposal of carbon dioxide. By using recycled carbon dioxide it 
minimizes the amount of carbon dioxide released into the atmosphere. 
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APPENDIX J: Assumptions for one-page summaries 
Assumptions for Feasibility studies of one-page summary document presented to industries 
 
Cyclohexene Oxide Plastics 
 
 
 
 
 
Carbon Dioxide Dry Cleaning  
 
 
 
 
 
Supercritical Carbon Dioxide Extraction 
 
 
 
 
 
 
Assumptions    
• Implementation cost of 1 billion Thai baht/ per kiloton/ per plant 
• Operation cost of 900million baht per year  
• Amount sold per year: 300 million baht  
• Sell: 700 thousand USD of plastics / month 
• 261 days in a year 
Assumptions 
• Load: 40 minutes to run 
• 4380 loads per year 
• 0.61 USD per load 
• 55lb clothes per load 
• Revenue 5.99 USD/lb 
• **365 day in a year 
Assumptions   
• Equipment cost 5 million THB 
• 3.5 kg = 7mL of Oil 
• 500 mL = 400,000 THB 
• Operation cost of .7 Euros per kg 
• 7mL of Oil are made in one 8hr day 
• machine is run 261 days a year 
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APPENDIX K: Scientific review of novel carbon dioxide reuse 
processes for Thai industries 
 
Scientific Review of Novel Carbon Dioxide 
Reuse Processes for Thai Industries 
 
Jessie Brasefield, Stephanie Kavrakis, Andrew Sandefer, Annie Vikart 
 
 
                   
                      
    
 
 
 
This report represents the work of one or more WPI undergraduate students 
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Introduction 
 
 Global warming is a multinational problem; the Intergovernmental Panel on Climate 
Change stated in its most recent report that humans are responsible for the cause of global 
warming through their emission of greenhouse gases, by reducing the amount of global carbon 
dioxide emissions, the effects of global warming can be mitigated (Metz, 2007; Parry, 2007; 
Solomon, 2007). Scientists anticipate that atmospheric concentrations of greenhouse gasses will 
continue to rise in upcoming decades. Furthermore, they speculate that global warming has the 
potential to cause extreme temperature changes resulting in coastal flooding, crop failure, and the 
risk of flora and fauna extinction (National Resource Defense Council, 2007). Since carbon 
dioxide accounts for 69.6% of worldwide greenhouse gas emissions, it is the most obvious target 
for reduction (U.S. Environmental Protection Agency, 2008b).  
 In response to global warming, some countries and industries have begun to address 
carbon dioxide and other greenhouse gas emissions through the ratification of the Kyoto protocol 
and practicing cleaner environmental practices (http://unfccc.int/2860.php). Thailand is a country 
whose industries have begun to move forward in this manner as a result of their increasing 
environmental awareness about the country’s carbon dioxide emissions. Since the discovery of 
natural gas in the Gulf of Thailand in 1973, gas refinement has increased extensively in Thailand; 
as a result, carbon dioxide emissions have increased, growing 101% from 1990 to 1999 
(“Insuring Energy Security,” n.d.). One method of reducing carbon dioxide emissions is by 
recycling it. This can be done by capturing it as it is released from industrial processes, such as 
the refinement of natural gas, sending it to a purification company, and then reusing it as a raw 
material in another industrial process. Recycling carbon dioxide through capture and reuse aids 
in the mitigation of greenhouse gas emissions by preventing it from being released into the 
atmosphere. Recycling carbon dioxide also facilitates business between capturing and reusing 
industries in a way where both industries benefit financially through selling raw carbon dioxide 
and purchasing recycled carbon dioxide. The Petroleum Authority of Thailand (PTT) is just one 
example of a Thai industry taking action to mitigate carbon dioxide emissions by capturing the 
carbon dioxide byproduct that is produced at their gas separation plant in Rayong, Thailand. The 
crude natural gas that PTT drills contains approximately 25% carbon dioxide. The carbon 
dioxide is separated from the natural gas and sold to a purification company, Thai Industrial Gas 
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(TIG), which in turn sells the gas to the soda and dry ice industries (S. Jiasiripongkul, personal 
communication, February 12, 2008). Because the carbon dioxide market is currently small, 
companies such as TIG have limited buyers and are restricted in the quantity of sales. An 
expansion of the carbon dioxide market could increase the demand of carbon dioxide thereby 
increasing the use of excess carbon dioxide, aiding in the mitigation of carbon dioxide emissions.  
 The following scientific review document will analyze three carbon dioxide reuse 
processes that are feasible for implementation into Thai industry and three conceptual processes 
that are still in the research phase of development. These conceptual processes, could, with 
further research, be viable for implementation into Thai industry. Combined, the six carbon 
dioxide processes, if implemented into Thai industries, could increase the carbon dioxide market, 
thereby providing incentive for more industries to capture and sell their waste carbon dioxide. In 
total ten carbon dioxide reuse processes were reviewed and evaluated. Methodology of 
evaluation as well as in-depth analyses on each carbon dioxide reuse process can be found in 
Worcester Polytechnic Institute’s Interactive Qualifying Project archive, under the title “Novel 
Carbon Dioxide Reutilization for Thai Industries.” If Thailand sets the example, industries 
globally could follow their actions and adopt greener industrial processes. Global adoption of 
carbon dioxide reuse processes could significantly lower carbon dioxide emissions while 
industries benefit from the creation of synergies with other companies to allow economic gain.  
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Processes Currently Recommended for Industrial Application 
 
 The following three carbon dioxide utilizing processes were found to be economically, 
environmentally, and logistically favorable for implementation in Thailand: cyclohexene oxide 
plastics, supercritical carbon dioxide dry cleaning, and supercritical carbon dioxide oil extraction. 
Though each process was found to be currently viable for industrial introduction in Thailand, 
additional detailed research is recommended before implementation. Also, although each of the 
three processes could be implemented currently in Thailand, additional improvements can be 
made to both aid in improving the efficiency of the process and the adoption into Thai industry. 
This section includes, for both the carbon dioxide reuse process and its traditional counterpart 
process: descriptions, advantages and disadvantages, and an economic comparison. Additionally, 
recommendations for further improvement of the carbon dioxide reuse process will be provided.  
 
 
 
Cyclohexene Oxide Plastics 
 One novel use for carbon dioxide is to combine it with cyclohexene oxide (CHO) in the 
presence of a zinc catalyst to create aliphatic polycarbonates. This process was first developed in 
the 1960s (Adrianus van Schilt, 2006). Since then, the development of more efficient catalysts 
and the determination of appropriate starting materials have dominated literature on the subject. 
The only company commercially producing plastics by this process is Novomer in Ithaca, New 
York. Using a process developed by Professor Geoffrey Coates of Cornell University, Novomer 
uses limonene oxide as the CHO along with carbon dioxide to produce aliphatic 
poly(cyclohexene) carbonates (CHO plastics) (Byrne, Scott, Lobkovsky, & Coates, 2004). 
Limonene oxide (CHO) is derived from limonene, a compound most commonly found in orange 
peels. CHO plastics can be utilized in the applications as traditional polyurethane; because of this, 
there is a fairly large market in Thailand for poly(cyclohexene) carbonates created from 
limonene oxide (Directory of Thai Industry and Business, n.d.). 
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 CHO plastics are made by combining limonene oxide and carbon dioxide with a zinc 
catalyst at 100 psi and 25°C. These components are allowed to react for two hours and yield 98% 
pure poly(cyclohexene) carbonate (G. Coates, personal communication, January 22, 2008).  
 
Reaction 1 illustrates the chemistry behind the process.  
  
 
 
  
 
Polyurethane is traditionally created through the combination of polyol, generally 
petroleum product, with diisocyanate in varying percentages, to yield polyurethane at about 98% 
purity. This process does not require high pressures or temperatures; however, diisocyanate is 
extremely reactive and as such must be handled with care. Diisocyonate must be blanketed in 
nitrogen at all times and anyone working with it must wear a mask, gloves, and goggles (Dr. 
Nuanpen J., personal communication, February 15, 2008).  
 Though creating CHO plastics requires highly pressurized operating conditions, which 
are considered slightly dangerous, omitting diisocyanate from the process diminishes the health, 
industrial, and occupational hazards. Using carbon dioxide as a feedstock is inexpensive for two 
reasons: it can be purchased as a recycled material and does not require special storage. Both of 
these reasons aid in lowering the operation cost of manufacturing these types of plastics. The 
predominance of chemistry regarding the polymerization of CHOs calls for the use of petroleum 
derived compounds as a monomer. Limonene oxide is derived from orange peels or pine trees, 
thus by using limonene oxide as a monomer, this process could help to reduce dependence on 
fossil fuels for the production of plastics and additionally help to mitigate carbon dioxide 
emissions as there is no crude oil processing required to create the monomer (Adrianus van 
Schilt, 2006). Additionally, a plant that currently produces polyurethane using the traditional 
Reaction 1: Copolymerization of trans-(1a) and cis-(R)-Limonene Oxide (1b) using B-
Diiminate Zinc Acetate Complexes [(BDI)ZnOAc] 
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process could make the transition to creating poly(cyclohexene) oxide using limonene oxide and 
carbon dioxide without having to extensively alter their facilities to do so (G. Coates, personal 
communication, January 22, 2008).  
 Andrianus van Schilt (2006) predicted that implementing a 10k/ton CHO plastics 
production plant would cost approximately 1 billion THB, and the yearly operating cost would 
be around 900 million THB including raw materials. If the plant were operating at full capacity, 
the net present value (NPV)6 as calculated over a five year period would be 500 million THB and 
the payback period (PBP)7 would be about 3.5 years. The implementation cost of a 10k/ton 
traditional polyurethane plant is unknown; however it is known that traditional polyurethane 
machinery costs 33 million THB and the yearly operation cost is approximately 57 million THB. 
The calculated NPV over the course of five years is 860 million THB and the PBP is about two 
months (Dr. Nuanpen J., personal communication, February 15, 2008). CHO plastics are not as 
economical when compared to the traditional method of manufacturing polyurethanes, but the 
environmental impact and occupational hazards are lesser than the traditional process.  
 Although the process of manufacturing CHO plastics is currently implemented in 
industry, it could be improved. Developing a more efficient catalyst would increase plastics 
production, which in turn, could increase profit. Also finding other naturally available CHOs for 
use as a monomer in this process in Thailand would be beneficial by allowing for the use of 
locally abundant resources. Also, the creation of partnerships between companies would be 
beneficial to increase the CHO plastics industry. For example, Novomer is currently contracted 
with Kodak™ to produce specialized polyurethanes in the United States (G. Coates, personal 
communication, January 22, 2008). Creating additional partnerships with plastics companies in 
Thailand could increase the industrial need for this type of plastic which in turn could result in 
the creation of new companies that manufacture CHO plastics to meet the demand of industry. 
The creation of more industries producing CHO plastics could result in the utilization of more 
carbon dioxide thereby aiding in the mitigation of carbon dioxide emissions.  
 
                                                       
6 Net present value (NPV) is the net gain in sales over a given period of time, factoring the interest rate, which 
usually corresponds to the life of the machine in use.  
7 Payback period (PBP) is the amount of time it takes to recoup the initial investment cost.  
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Supercritical Carbon Dioxide Dry Cleaning 
 Supercritical carbon dioxide (ScCO2) is a gas with liquid properties. Carbon dioxide’s 
supercritical condition occurs when it is pressurized over 74 bar and heated to a temperature over 
31.1oC. The liquid properties that carbon dioxide maintains in its supercritical form allow it to be 
used as a solvent in various processes (Ford, n.d.). 
 ScCO2 can be utilized as a medium in which textile dry cleaning can take place. A 
specialized dry cleaning machine is required to complete this process. The dirty laundry is placed 
into the machine and all of the ambient air is emptied out. Supercritical carbon dioxide is 
pumped into the machine along with a surfactant, most often Clean-N-Green® (Caled Industries, 
2008; Cool Clean Technologies Inc., 2005). Once the surfactant has been added, the laundry is 
agitated in the washing chamber for approximately 15 minutes. This process is completed at 
ambient temperatures with a pressure high enough to push carbon dioxide to supercritical 
behaviors. Carbon dioxide is continually filtered to remove any dirt or particulate matter that has 
been removed from the laundry during cleaning. Once the wash cycle is complete, carbon 
dioxide is pumped out of the machine and back into storage tanks. Approximately 2% of carbon 
dioxide is lost due to transfer during the process (Cool Clean Technologies Inc., 2005). At this 
point the laundry is clean, dry, and at room temperature. The whole process from start to finish 
takes approximately 40 minutes, and carbon dioxide washing machines can hold an average of 
55 lbs of laundry (U.S. Environmental Protection Agency, 1999). 
 Dry cleaning is traditionally completed using perchloroethylene (perc) as the medium in 
which textiles are cleaned. This process is use by 80% of dry cleaners in the United States 
(DeBare, 2006). Perc dry cleaning is not done under high pressure conditions, but rather under 
high temperature conditions. Other than this difference in operation specifications, the process is 
very similar. Laundry is put into the washing machine, the machine is closed, and the perc is 
input. The temperature is raised, a surfactant is added and the laundry mixture is agitated for an 
amount of time dependant on the weight of laundry in the machine. During the agitation, the perc 
is continually filtered to remove any contaminants that have been cleaned from the laundry 
during the washing cycle. The wash cycle from start to finish is about 70 minutes and a machine 
can hold anywhere from 20 to 100 lbs of laundry (Dry-cleaning & Laundry Institute, 2007). 
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 Though perc is the traditional medium for dry cleaning, it is a hazardous material that 
workers must work carefully with. It is a known carcinogen that can cause neurological problems 
in humans. Additionally, Perc is classified as a hazardous air pollutant by the U.S. Clean Air Act 
(U.S. Environmental Protection Agency, 2007). Laundry that is continually cleaned using perc 
can fade and degrade due to the high temperatures perc dry cleaning requires (Hangers Dry 
Cleaners, 2005). 
  The process of using supercritical carbon dioxide to dry clean has many advantages when 
compared to using perc to dry clean. ScCO2 does not require high temperatures, which helps to 
keep colors fast and does not contribute to the degradation of fabrics. Also, because carbon 
dioxide is an inert, non-toxic gas, it does not cause any health problems for those working with it, 
unlike perc which is a hazardous material. The wash cycle of scCO2 dry cleaning is 
approximately 30 minutes shorter than the wash cycle of perc dry cleaning. This allows cleaners 
to wash more loads per day, which increases their profits.  
 The initial investment required to purchase a scCO2 dry cleaning machine is about 5.4 
million THB, and the yearly operation cost is approximately 4.7 million THB. The average 
revenue should be about 28 million THB per year (U.S. Environmental Protection Agency, 1999). 
The calculated NPV over the course of five years is 110 million THB. The payback period is 
approximately three months. The investment cost of a perc dry cleaning machine is 980 thousand 
THB and the yearly operation cost is 5.4 million THB. The average revenue when using perc to 
dry clean should be about 26 million THB per year. The payback period of a traditional perc dry 
cleaning machine is less than one month and the NPV over the course of five years is 105 million 
THB (DeBare, 2006).  
 Although scCO2 dry cleaning has higher initial investment and yearly operational costs, 
and takes longer to payback the initial investment than perc dry cleaning, it will still yield higher 
investment returns in the long run based on its higher NPV. In addition to being more expensive 
to implement, another inconvenience regarding the implementation of scCO2 dry cleaning is the 
availability of the surfactant because currently it is only available in the United States. The 
development of additional surfactants from local materials could potentially assist in making the 
implementation of scCO2 dry cleaning more appealing to industries. By using local materials, 
importation of the materials is unnecessary which reduces costs. Besides the aforementioned 
disadvantages of scCO2 dry cleaning, the advantages include the utilization of less harmful 
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materials, which results in increased environmental and health benefits when compared to perc 
dry cleaning, as well as an long term increased profits. 
 
 
Supercritical Carbon Dioxide Oil Extraction 
 ScCO2 can also be used as a solvent to extract oil, among other substances, from plant 
materials. Currently, there are many companies around the world using scCO2 to extract plant 
material including Botanix in the United Kingdom, Eden Botanicals and Hopsteiner in the 
United States, and Aromtech in Finland. In Thailand, there is a scCO2 pilot plant at Thammasat 
University currently doing research on the process of extracting oil from plant materials using 
this process. 
 To be used as a solvent medium to extract oil from plants, scCO2 is pumped through 
plant material in extraction columns (Ford, n.d.). The scCO2 extraction procedure takes place at 
different temperatures and pressures (above the supercritical temperature and pressure points) 
depending on the type of plant material being extracted. Different plants and parts of plants are 
extracted more efficiently at different temperatures and pressures, which is why these variables 
need to be changed (N. Uawongyart, personal communication, January, 31, 2008). The scCO2 
dissolves the plant oils in the extraction columns. The mixture of oil/scCO2 is then passed 
through an expansion valve where it is depressurized. Depressurizing the scCO2 causes carbon 
dioxide to turn back into its gaseous state, which causes the oils to separate out (Ford, n.d.). Once 
the oil has been separated, further purification with ethanol or methanol is necessary because 
impurities such as fats and waxes are extracted along with the oil. The amount of time for one 
extraction cycle varies between 3-8 hours, depending on the part of the plant which is to be 
extracted. Leaves/petals take around 3 hours, while bark, wood, roots, and stems can take up to 8 
hours (N. Uawongyart, personal communication, January, 31, 2008).  
 Steam distillation is the traditional way to extract oil from plant materials. In Thailand, 
the extraction of agarwood oil is done in this manner. This process entails placing dried plant 
material in an extraction chamber, filling the chamber with a large amount of water, and heating 
the water to approximately (60oC-100oC) for about 5-10 days. Steam dissolves the oil from the 
plant material and the mixture rises and passes through a condenser where the steam turns back 
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into water. Finally the oil and water collect in a seporatory funnel (W. Chokpituksonbut, 
personal communication, February 12, 2008).  
 The use of high temperatures in steam distillation causes degradation of the plant material 
that induces chemical changes such as oxidation and hydrolysis in the oil which results in an oil 
that is different from the oil present in the original source (Mukhopadhyay, 2000). Gas or 
electricity are the fuels that can be used to heat the steam apparatus, both of which are expensive 
and release carbon dioxide (W. Chokpituksonbut, personal communication, February 12, 2008). 
It takes anywhere from 5-10 days, and one tank of natural gas to complete the extraction process. 
Though electricity production still produces carbon dioxide through the burning of fossil fuels, it 
is generally considered to be a cleaner fuel. Steam distillation allows only polar, non-volatile oils 
to be extracted because of the high temperatures required; however, the oils are completely pure 
after extraction, so no further purification, other than filtration, is necessary (N. Uawongyart, 
personal communication, January, 31, 2008). The steam extraction machinery requires a coolant 
system that must be monitored. Malfunctions in this coolant system result in the oil not 
collecting properly in the separatory funnel, requiring the entire extraction to be repeated (W. 
Chokpituksonbut, personal communication, February 12, 2008).  
 In the time that one, ten day maximum steam extraction cycle can be completed, a 
maximum of 30 extractions can be completed using scCO2. With scCO2, all components of the 
plant material can be extracted, including color and non-polar oils. It is also the best method for 
extracting volatile oils because of the low temperatures used during the process. With the use of 
a co-solvent (ethanol), polar oils can also be extracted using scCO2. Along with the oil, fats, 
waxes, and resins are extracted with scCO2, so further purification with ethanol, is required. (N. 
Uawongyart, personal communication, January, 31, 2008). 
 The scCO2 machinery requires special technicians for operation because high pressures 
are used and if not monitored correctly, the machinery can explode. At the scCO2 pilot plant at 
Thammasat University in Thailand, approximately 25% of the carbon dioxide is lost during the 
process and the carbon dioxide that is recovered can only be used to extract oil from the same 
plant material. This is because the used carbon dioxide contains particles from one type of plant 
material and could contaminate a different material. The used carbon dioxide is released into the 
atmosphere and new carbon dioxide is used for the new extraction (N. Uawongyart, personal 
communication, January, 31, 2008).  
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 A pilot size scCO2 extraction machine costs 5 million THB and has a yearly operating 
cost of 30 thousand THB (Brunner, 2004; N. Uawongyart, personal communication, January 31, 
2008). Based on this information, the net present value for scCO2 extraction was calculated to be 
to be 830 thousand THB over a period of five years. The payback period for implementing the 
scCO2 extraction process is a little more than 4 years. Steam distillation machinery costs 20 
thousand THB and has a yearly operating cost of 12 hundred THB (W. Chokpituksonbut, 
personal communication, February 12, 2008). The net present value for steam distillation is 
lower at 506 thousand THB. Although steam distillation has a shorter payback period of about 
two months, it also has a lower net present value when compared to scCO2 oil extraction.  
 ScCO2 is used in companies all around the world as a more efficient method than steam 
distillation to extract natural oils, among other substances, from plants. In Thailand, currently the 
only method used to extract oils is through steam distillation. This method is becoming out of 
date because of the abundant advantages of using scCO2 when compared to steam distillation. 
These advantages include preservation of the natural scent of the oil, the extraction of more 
substances from the plant material, the extraction of volatile oils, shorter operation time, and 
lower operation costs due to utilizing less fuel. Additional advantages include better shelf-life 
due to the co-extraction of antioxidants, and elimination of dissolved oxygen and a high recovery 
of extracts (Mukhopadhyay, 2000).  
 The drawbacks for steam distillation are numerous: the process takes a maximum of 30 
times longer to complete one extraction cycle, only polar oils can be extracted, more fuel is 
required due to the length of time and high temperatures required, and the coolant system needs 
to be monitored. In addition, high temperatures must be used in steam distillation, heat liable 
plant materials can be broken down which means the recovered oil may have a different 
chemical composition than the original plant oil. The scCO2 equipment is much more expensive 
than the steam extraction machinery because of the high pressurized equipment; however, 
because about 30 more extractions can be done using scCO2 in the same amount of time that a 
steam extraction can be done, more oil can be sold and in turn more profit can be made. 
Although the scCO2 method does require the use of electricity for power, the time for extraction 
is shorter and as a result, it costs a lot less money than steam, which additionally helps to recoup 
the expensive costs of scCO2 machine implementation (Mukhopadhyay, 2000).  
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 Another benefit to using less electricity in the scCO2 process is the fact that less carbon 
dioxide is created since less electricity is utilized. Although, because the scCO2 process releases 
a large percentage of carbon dioxide, as is the case at Thammasat University’s pilot plant, 
altering the process to reduce the amount of carbon dioxide released would be beneficial. Further 
research should be done to determine how to either eliminate or capture carbon dioxide 
emissions from scCO2 process. Either the machine efficiency can be increased to reduce or 
eliminate the amount of carbon dioxide released, or a carbon dioxide purification system can be 
developed to allow for recycling of carbon dioxide. If reducing the carbon dioxide emissions 
from the scCO2 oil extraction process is done, utilizing this process could be more 
environmentally beneficial in addition to the other advantages associated with the scCO2 oil 
extraction.  
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Conceptual Carbon Dioxide Reuse Processes Recommended for 
Potential Implementation in The Future  
 
 In addition to carbon dioxide reuse processes which can currently be implemented in 
Thailand, there are three conceptual reuse processes that can potentially be implemented in the 
future upon further research: producing algae biodiesel, supercritical carbon dioxide textile 
dyeing, and dry reforming methane with carbon dioxide. Currently, they are each being 
researched across the globe. This section entails information on each conceptual carbon dioxide 
reuse process and their more traditional counterpart regarding operation specifics, advantages, 
disadvantages, and known economic aspects. Finally, this section will also provide 
recommendations for further research on the reuse process that could aid in improving the 
process for potential future implementation. 
 
 
 
Supercritical Carbon Dioxide Dyeing 
 ScCO2 can be used as a solvent medium to dye fabrics. A German patent was granted in 
1994 for dyeing textiles using scCO2 (Anderson, 2008). This process is currently only utilized to 
dye synthetic fabrics, further research is being conducted to determine applicability to natural 
fabrics. This process is not currently done in industry, but it is currently being researched at a 
pilot plant at North Carolina State University (NCSU), College of Textiles. 
 The dyeing system that uses scCO2 is made up of a three-component/three-phase system. 
The three components needed are gas, dyestuff, and fabric, such as polyester. In the first step, 
dyestuff is dissolved in the scCO2. Next, the mixture is transferred to the polyester. During this 
step, carbon dioxide is absorbed by the polyester causing it to swell, allowing the dye molecules 
to diffuse into the polyester by dispersion forces. The last step entails the depressurization of 
carbon dioxide which then shrinks the polyester as it exits, and the molecules of dye are retained. 
The gaseous carbon dioxide can be collected and recycled again (Anderson, 2008; van der Kraan, 
2005).  
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 The traditional polyester (and all synthetic fabric) dyeing method is called disperse 
dyeing which is done in two stages: preparing the fabric and dyeing the fabric. The fabric must 
be prepared for dyeing or scoured to remove grease, oil, or starch in a container made out of 
anything except iron, copper, or aluminum. In order to prepare the fabric, 5 ml of a non-ionic 
detergent, such as Synthrapol®, and 2-3 liters of water are added for each 100 g of material. The 
mixture is next stirred for 15 minutes and then rinsed thoroughly in warm water. To dye the 
fabric, 3 liters of water for every 100 g of material is heated. 3 g of Calgon® may need to be 
added to counter the alkalinity if hard water is used. The disperse dye is weighed out and added 
to a small amount of warm water. This dye solution and 3 g of dispersing agent is then added to 
the dye bath and thoroughly stirred using a wooden, plastic, or steel spoon. The fabric is next 
added to the dye bath and over a 15-30 minute time period, the temperature is slowly elevated to 
around 100°C. The length of time the fabric is in the dye solution depends on the desired shade 
of color. The entire bath is cooled to 50°C to check the color of the fabric. If more a darker shade 
is required, more dye solution is added the temperature is elevated to 80°C -85°C for another 10 
minutes. Once the fabric is the desired color, the fabric is removed from the dye bath, rinsed in 
luke-warm water, spun dry, and finally ironed (“Disperse Dyes”, n.d.).  
 This entire process takes approximately 3-4 hours to complete and about 3,800 kJ of 
energy is required per 1 L of water for the entire process from start to finish. The traditional 
method leaves 5-10% of non-reactive dyes in the waste water, and for reactive dyes a maximum 
of 50% can be left behind. Besides residual dyestuff, wastewater also contains other dye 
chemicals including effluents and pH balancers; therefore it must be properly treated before 
being disposed of. Onsite wastewater treatment is very costly (Anderson, 2008). 
 Using scCO2 to dye fabrics is beneficial when considering the disadvantages of the 
traditional aqueous dyeing method. ScCO2 dyeing takes only about half the time required for the 
aqueous dyeing method. The dye and carbon dioxide are removed completely from the fabric 
and are completely separated from each other, which allows both the dye and carbon dioxide to 
be recycled. ScCO2 dyeing uses little or no water during the process so no wastewater treatment 
is required. ScCO2 needs only 20% of the energy required for aqueous dyeing because there is no 
need for a drying process. The solubility of the dyestuff and the fabric are controlled through 
varying the pressure. Additionally, varying the pressure controls the dyeing intensity and color. 
The only chemicals needed for dyeing fabric in scCO2 are carbon dioxide and dyestuff. As a 
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result of the limited materials used for scCO2 dyeing, there is no need for chemicals such as 
leveling agents, pH regulators, or auxiliary agents, disposing agents, and adulterants, which are 
needed for some of the traditional methods of aqueous dyeing (Anderson, 2008).  
 When utilizing scCO2, the operating cost per kg polyester is 22 THB, while the operating 
cost per kg of polyester for the aqueous method is 61 THB (van der Kraan, 2005). The estimated 
cost for the scCO2 machinery is 31 million THB while the machinery for the aqueous machine is 
6.2 million THB (van der Kraan, 2005). Because there is no information available regarding the 
selling prices of textiles dyed using the scCO2 process, it is not possible to generate a net present 
value or payback period for this process. It is known that oils that are extracted by scCO2 are 
more expensive than oils extracted by steam distillation due to the high cost of the scCO2 
machinery, therefore it is assumed that the cost of textiles dyed using scCO2 would be more 
expensive than the cost of textiles dyed using the aqueous method (Eden Botanicals, 2007). The 
scCO2 process should improve the economics of dyeing as the costs associated with wastewater 
treatment are eliminated (van der Kraan, 2005). This process should also show good economic 
returns as industries are able to reuse the carbon dioxide medium in which they dye.  
 There are two disadvantages for the scCO2 dyeing technique: it is not done commercially 
because the machinery is not economical enough and dyeing natural fibers is not done efficiently. 
Machinery is currently about five times more expensive than aqueous machinery; if more 
economical machinery could be developed, companies would be more likely to change their 
dyeing methods to use the scCO2 process (Anderson, 2008; van der Kraan, 2005). More research 
could be done on the dyeing of natural fibers such as cotton, wool, and silk. The types of dyes 
used (direct, reactive, and vat) to dye natural fabrics are insoluble in scCO2. The only types of 
dye that can be used with scCO2 are disperse and non-ionic dyes that only effectively dye 
synthetic fabrics (Peltrame et al., 1998). This additional research could aid in increasing the 
efficiency of scCO2 textile dyeing to allow it to become a more commercially viable process.  
 The benefits of using scCO2 textile dyeing include using little or no water, using only 
three materials (fabric, dyestuff and carbon dioxide), being able to recycle carbon dioxide for 
further dyeing. Additionally, once more research is done on this process; it can potentially be 
more efficient and economical for dyeing natural fibers. All of these advantages could greatly 
benefit the enormous textile industry in Thailand; however, the economic and process efficiency 
aspects of dyeing in scCO2 should be improved before any implementation is possible.  
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Producing Algae Biodiesel 
 Recently, it was discovered that biodiesel fuel could be made from algae grown using 
waste carbon dioxide, water, and sunlight. In the beginning of this decade, Isaac Berzin of MIT 
came up with the idea of using algae to capture waste carbon dioxide from flue gases as a 
method of mitigating industrial carbon dioxide emissions (I. Berzin, personal communication, 
November 12, 2007). At a small power plant at MIT, he conducted an experiment in which flue 
gas was bubbled through tubes containing water and algae and the efficiency of carbon dioxide 
captured was calculated. On sunny days and cloudy days the efficiency was 85% and 65%, 
respectively. The algae must be harvested at a continuous rate once it has matured, and this 
mature algae that consists of up to 50% oil as a result of photosynthesis, can be used to create 
biodiesel fuel (Briggs, 2004; Vunjak-Novakovic, Kim, Wu, Berzin, & Merchuk, 2005).  
 Algae biodiesel and plant (soybean, palm tree, corn, etc.) biodiesel is made through a 
process called transesterification (“Biodiesel Production,” 2006; Park, Lee, D., Lee, J., & Lee, 
K., 2008). In this process, raw oil, which has been separated from the algae using centrifugation, 
is broken down using an alcohol (ethanol) and a catalyst (usually sodium ethanolate). The end 
products of this reaction are biodiesel, and glycerol. The biodiesel is separated from the catalyst 
and glycerol by centrifugation (“Biodiesel Production,” 2006). The only types of biodiesel 
currently manufactured in industry are from corn, soybeans, and palm trees. Using algae to 
produce biodiesel is only currently in the research phase of development.    
 Theoretically, algae can produce anywhere from 5000-15000 gallons of oil/acre/year, 
whereas the next highest oil producing crop is palm trees and they only produces 635 gallons of 
oil/acre/year. The number of gallons of oil produced by algae is only theoretical because 
biodiesel is not being produced from algae on a commercial scale anywhere in the world. This is 
predominantly because harvesting techniques have not yet been refined to the point of 
commercial introduction. All algae matures at different rates, but once it has matured, it must be 
harvested daily (Riesing, n.d.). Different methods involving rollers or sieves have been 
developed to harvest the algae but all of these processes are inefficient and time consuming. The 
other stumbling block for researchers has been that different algae flourish in different climates. 
Thus choosing the correct type of algae to grow in a specific area is critical to success in 
  125 
producing biodiesel. Because of this extensive screening must be done to determine what strain 
of algae is best for introduction into a given location. There are many companies in the United 
States researching to alleviate these issues. Most of them are currently in the pilot scale phase of 
production and intend to attempt commercial scale production sometime within the next year 
(Svoboda, 2007). Solazyme, Green Fuel, and Solix Biofuels are some examples of companies 
attempting to bring algae biodiesel to the industrial level.  
 Producing biodiesel from plants, such as corn, soybeans, and palm trees, require a lot of 
farmland to grow. Scientists, such as Joseph Fargione of the Nature Conservancy, have done 
studies that show that clearing land for biodiesel crops releases an extensive amount of carbon 
dioxide. Forests and the soil where these plants grow, store up to three times as much carbon 
dioxide than what is in the air, so when it is cleared away, the carbon dioxide is released into the 
atmosphere. Fargione conducted a study in which he calculated the amount of carbon released in 
the process of converting natural landscapes into cropland, called “carbon debt.” This carbon 
debt is a result of raising biofuel crops. As estimated by Fargione and his team of researchers, it 
would take corn ethanol, palm tree biodiesel, and soybean biodiesel, 93, 86, and 320 years, 
respectively, to make up for the carbon dioxide released during the first initial land conversion. 
Although these biodiesels do release less carbon dioxide than burning petroleum, it takes many 
years to make up the carbon dioxide emission differences when converting natural land for the 
growth of biodiesel crops. Using domestic land to convert to biodiesel crops would benefit local 
farmers and decrease the dependency on foreign oil, but these benefits are shadowed by the 
amount of carbon dioxide released to produce the cropland necessary to raise biodiesel crops 
(Walsh, 2008).  
 Producing biodiesel from algae is efficient at mitigating carbon dioxide emissions 
because does not require farmland to grow. Algae are most often grown in large clear plastic 
tubes or in shallow ponds while carbon dioxide is bubbled through (Svoboda, 2007). Like corn, 
soybeans, and palm trees, algae use water, sunlight, and carbon dioxide in the process of 
photosynthesis to produce oil. Because algae do not require farmland to grow, this farmland can 
be reserved for food production and the algae can be produced on unfertile ground, thereby 
producing no carbon debt (Briggs, 2004). Though using plants to make biodiesel is commercially 
done today, the amount of feedstock produced by corn, soybeans, or other plants is far lower 
than what can be created by algae. As a result of the need for more plants to produce a large 
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amount of biodiesel, more land in the future may have to be cleared to grow biodiesel crops 
instead of food crops. Burning all types of biodiesel release less carbon dioxide than burning 
traditional petroleum, but because algae do not create a carbon debt, burning algae biodiesel can 
mitigate carbon dioxide emissions at a faster rate than traditional plant biodiesels (Walsh, 2008). 
An additional benefit of growing algae instead of plants to make biodiesel is that algae require 
significantly less water to grow than traditional feedstock producing plants because they is 
always grown in a closed environment (I. Berzin, personal communication, November 12, 2007). 
 Briggs (2004) has predicted that implementing a commercial scale algae biodiesel farm 
would cost about 1.3 million THB, with an average yearly upkeep of around 400 thousand THB. 
At a price of 48 THB/gal, the net present value over the course of five years of investing in the 
producing of algae biodiesel would be approximately 13 million THB (Radich, 2004). The 
payback period for producing algae biodiesel would be about one year. These numbers suggest 
that if the problem of harvesting the algae can be remedied, producing biodiesel in this manner 
could be profitable.  
 The benefits of using algae to produce biodiesel include reducing the amount of land that 
is converted to biodiesel cropland by being produced on infertile land. Creating biodiesel from 
algae also helps reduce the amount of carbon dioxide released into the atmosphere by potentially 
capturing carbon dioxide from flue gases and other industrial sources, and replacing the use of 
petroleum fuels. In order to potentially produce algae biodiesel on and industrial scale, both the 
type of algae and the harvesting method should be determined. Further research in the field of 
algae biodiesel fuel could entail determining a strain of algae that both flourishes in Thailand and 
produces a high percentage of oil to vegetable matter and determining the best way to harvest 
mature algae. 
 
 
Dry Reforming Methane with Carbon Dioxide (CO2/CH4 Reforming) 
 Dry reforming (CO2/CH4 reforming) is a process that uses methane and carbon dioxide 
over a catalyst at high temperatures to produce a mixture of carbon oxides and hydrogen, 
commonly referred to as synthesis gas (syngas) (Aker Kværner ASA, 2003; Edwards & Maitre, 
1995). Reaction (1) illustrates this reaction.  
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 Catalysts are frequently used to carry out CO2/CH4 reforming in order to lower the 
reactor temperatures needed for high conversion of methane. Because of the lower hydrogen to 
carbon ratio, two side reactions, (2) and (3), typically occur and result in the formation of carbon, 
also known as coking. These side reactions are extremely undesirable because coking will hinder 
the catalyst and thereby stop the reaction. In addition to the first two possible side reactions, the 
formation of water is also a potential reaction, show in reaction (4). With the formation of water, 
the carbon which has formed can react together to form carbon monoxide and hydrogen in 
reaction (5). If reactions (4) and (5) happen in tandem, than there is no change in the 
stoichiometry of the reaction of CO2/CH4 reforming (Edwards & Maitra, 1995). 
 (1) CO2 + CH4 ◊ 2CO + 2H2 
 (2) CH4 ◊ 2H2 + C 
 (3) 2CO◊ CO2 + C 
 (4) CO2 + H2 ◊ CO + H2O 
 (5) C + H2O ◊ CO + H2 
 Synthesis gas can be used to produce methanol, liquid alternative fuels via Fischer-
Tropsch synthesis, and high purity gases such as CO and H2 (Aker Kværner ASA, 2003). The 
purpose of Fischer-Tropsch reactions is to turn syngas into liquid fuels with low sulfur and 
aromatic content (Chu et al., 2007). The most common usage of synthesis gas is to produce 
hydrogen; this is typically done at oil refineries where natural gas is used as the feedstock (New 
York State Energy Research and Development Authority, n.d.; U.S. Department of Energy, 
2007). 
 The method of creating hydrogen from synthesis gas is done by commercially through 
steam reforming. Steam reforming is typically done in two steps. The first step is steam methane 
reforming (SMR) to produce syngas. The second step is water gas shift (WGS) to turn syngas 
into hydrogen. In a reactor at high temperatures ranging from 750oC to 800oC, steam reacts with 
methane over a catalyst (nickel, zinc, or palladium, among others) to yield mostly carbon 
monoxide and hydrogen. The overall reaction yields a carbon monoxide to hydrogen ratio of 1:3 
(New York State Energy Research and Development Authority, n.d.; U.S. Patent No.5855815, 
1999). The overall reaction for SMR is as follows:  
 CH4 + H2O(g)◊CO + 3H2(g) 
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The next step is called the water gas shift reaction (WGS) in which carbon monoxide from 
synthesis gas is reacted with steam over a catalyst to form final products of carbon dioxide and 
hydrogen gases. This step happens in two stages: high (350 ºC) temperature shift and low (190°C 
-210 ºC) temperature shift. This reaction produces a 1:1 ratio of carbon dioxide to hydrogen: 
 CO + H2O(g) ◊ CO2 + H2(g) 
The hydrogen produced is then purified in a liquid absorption system through which removes 
carbon dioxide. To remove residual traces of carbon oxides (CO and CO2), the product goes 
through a methanation step. A pressure swing absorption (PSA) unit can be used instead which 
will result in 99.99% pure hydrogen. This hydrogen can be further used in fuel cells, chemical 
manufacturing, or petroleum refining. A major disadvantage to this process is that it produces 
twice as much carbon dioxide as hydrogen because in addition to carbon dioxide forming in the 
second step (WGS), carbon dioxide is a byproduct of the first step (SMR). All of the carbon 
dioxide formed during steam reforming is either captured or released into the atmosphere (New 
York State Energy Research and Development Authority, n.d.). The traditional steam method of 
reforming methane produces a hydrogen to carbon ratio of 3:1, which is much too high and 
ineffective for Fischer-Tropsch synthesis. The creation of synthesis gas for use in the Fischer-
Tropsch requires a hydrogen to carbon monoxide ratio lower than 3:1, ideally around 1:1 (Dahl 
et al., 2004). 
 CO2/CH4 reforming has gained the attention of researchers because it offers a sink for 
carbon dioxide and creates a more desirable ratio of hydrogen to carbon monoxide synthesis gas 
to be utilized in Fischer-Tropsch synthesis reactions (Dahl et al., 2004). Unlike steam reforming, 
CO2/CH4 reforming has higher selectivity to carbon monoxide and does not produce carbon 
dioxide as a byproduct (Edwards & Maitra, 1994; New York State Energy Research and 
Development Authority, n.d.). A large amount of energy is required for CO2/CH4 reforming and 
because of this, if the energy used is derived from the combustion of fossil fuels which generate 
carbon dioxide, then a net reduction of carbon dioxide emissions is not achieved. If renewable 
energy, such as solar energy, is used to fuel CO2/CH4 reforming, the reaction has potential to 
help reduce carbon dioxide emissions. 
 Literature suggests that Group VIII metals in their reduced form on stable supports, in 
particular Rh, are the most effective catalysts for dry reforming of methane (Edwards & Maitra, 
1994). Edwards and Maitra (1994), believe that more research should be done using nickel 
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catalysts because they’re very inexpensive; however, the catalytic data obtained for CO2/CH4 
reforming over nickel catalysts has been obtained under conditions completely different than 
commercial conditions, so continued research should be done under practical research conditions. 
Additional research entails finding a catalyst which will allow for a fast reaction time, lower 
reactor temperatures, and result in little or no carbon and water formation. In order for CO2/CH4 
reforming to be called even more environmentally friendly through the reduction carbon dioxide 
emissions by acting as a carbon sink, an energy source other than electricity should be used to 
fuel the CO2/CH4 reforming process. There is still a lot of research that can be done on CO2/CH4 
reforming before it is possible to be implemented in industry; however, CO2/CH4 reforming has 
the potential to be beneficial in industry in the future. 
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Conclusion 
 
 Three carbon dioxide reuse processes that are currently possible to be implemented in 
Thailand are CHO plastics, scCO2 dry cleaning, and scCO2 oil extraction. Even though these 
processes have the potential to be implemented currently, there is still research to be done to 
improve these processes further in order to aid in the implementation into Thai industries.  
 Three carbon dioxide reuse processes that are not currently implementable in Thailand 
are scCO2 textile dyeing, producing algae biodiesel, and dry reforming methane with carbon 
dioxide. With continued research on these conceptual carbon dioxide reuse processes, 
implementation into Thai industries could be possible. Particular attention should be paid to 
developing efficient catalysts, and ensuring that these processes allow for net carbon dioxide 
reduction. 
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APPENDIX M: Cultural reflections 
 
Jessie Brasefield 
Shopping in Thailand 
 
 MBK is the most interesting and outrageous shopping center I have ever been to in 
Bangkok, Thailand. There are six floors dedicated to shopping. Each of these six floors has 
hundreds of shops and stands selling anything you can imagine. Besides the typical stores that 
sell shoes and clothes, there are shops selling knock off purses, watches, iPods, and DVDs, used 
Thai cell phones, dead bats and bugs on display in frames (meant to be decorations), fake jade 
Buddha figurines and tons of other touristy items. MBK has literally anything I could ever need. 
I could even go grocery shopping there if I wanted!  
 Many of the stores are arranged in a maze like way where there are rows and rows of 
shops. Many of these shops sell the same items. On just about every floor in MBK, there are 
shops one after another selling the same Thai souvenirs for tourists. One afternoon I was at one 
of the souvenir shops and right away the saleswoman came up to me and told me that she’d give 
me a discount at her store. I was looking at the Thai photo albums, and I wanted a specific one 
with elephants on the cover that would hold around 75 pictures. She only had smaller albums out, 
so I told her what I was looking for. She dug out all of her albums and searched through them for 
the one I wanted that was marked 600 Baht. The saleswoman took out her calculator, played 
around with the buttons, and showed me a price of 530 Baht. Since I knew it was ok to bargain 
with her, I hesitated, and told her that was too much. She then gave me the calculator and asked 
me how much I wanted to pay. I pressed 300, and handed her the calculator. She did not look 
happy and told me she could give it to me for 350. I told her, “no thank you” and started walking 
towards the next souvenir shop that had the same photo album to see if I could get it cheaper 
there. The saleswoman from the first shop ran after and told me she would sell the photo album 
to me for my asking price of 300 Baht. 
 I believe bargaining is so acceptable at certain shops in Thailand because of the there are 
so many of them in the same area that sell the same exact merchandise. The salespeople have to 
make their merchandise seem more appealing than the shop next door that sells the same thing. If 
they all sold their merchandise for the same prices, than there is no way having multiple shops 
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selling the same items in the same area would stay in business. But because bargaining is 
acceptable, you can get a better deal at one shop versus another (or the salespeople make it seem 
like they’re giving you a great deal on their merchandise so you’ll be more likely to buy things at 
their souvenir shop). I could have potentially gotten the Thailand photo album for a better deal 
from the shop next door at MBK which is why the saleswoman gave the photo album to me for a 
the price I wanted.  
 Bargaining is so foreign to me because I’ve never bargained a day in my life while living 
in the United States. The only place I’ve ever heard of anyone bargaining was at a Yard Sale. 
People sell the things at yard sales that they don’t want anymore, so they are willing to reduce a 
price to get rid of their junk. Nearly every store I’ve ever seen in the U.S. is what I call a “chain” 
store. Chain stores are multiple stores strewn over a large area that are owned by the same 
company. Although there is more of the same store, they are usually spaced far apart and there is 
usually only one store per mall.    
 Chain stores tend to have their prices fixed at their various locations based on the prices 
set by their corporate offices. Essentially, all business is done by the books, so to speak, in the 
United States, so bargaining would be a large inconvenience and make bookkeeping very 
difficult. Corporate chain store owners need to have a record as to what they sold each item for 
and I believe that bargaining would just be a large hassle that corporations do not have the time 
for. Chain stores do have sales, but it seems as if the sales are on damaged items, items that they 
need to get rid of to make room for new merchandise, or merchandise that just won’t sell for one 
reason for another. Even if some merchandise is broken and it’s not on sale, customers can ask 
for a reduction in price, but many of the salespeople are even reluctant to reduce that price.  
 In the United States, I’ve noticed that salespeople at the chain stores are more hesitant to 
offer assistance to customers unless they’re on commission. People who work at chain stores just 
aren’t as attentive or just don’t seem to care whether or not a customer buys anything because the 
amount of items they sell doesn’t directly affect the pay they receive if they’re not on 
commission. Of course not all salespeople in Thailand are attentive to the customer and not all 
salespeople allow you to bargain with them. But it makes me think that the sales people that are 
very attentive to the customer and are willing to bargain, either own their shop or are on 
commission. If the items they sell don’t directly relate to the pay they receive, than why would 
they care so much about making a sale? In Thailand, when I buy merchandise from these 
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attentive salespeople, I feel more like I’m supporting their livelihood because it seems like my 
purchase directly relates to the pay they receive. It makes me feel good because I feel as if I’m 
helping to feed someone’s family or helping to buy clothes for their children, and when in the 
United States, I just feel as if I’m helping some corporate boss purchase a bigger yacht.  
 
 
Stephanie Kavrakis 
Impatient in a patient world 
 
 Bangkok is the largest city in Thailand; however it is unlike the classic New York feel, 
with sounds of honking cars, even when traffic goes unmoving for several minutes at a time. The 
only evidence of impatience on the streets is that a couple of vehicles inch obnoxiously close.  
Metropolitan Bangkok definitely is unlike my image of an urban area. It is so full of vibrant 
colors and delicious odors, strong enough to make anyone’s mouth water. The city has an 
extensive roadway system that is surprisingly well developed and actually quite conducive to the 
tourism clientele with several modes of transportation; the sky train, tuk-tuks, and brightly 
colored taxis add to create a picture that is inviting to a visiting foreigner. At bigger traffic 
intersections, they actually display the time remaining for the light to change, this is great for 
impatient drivers like me.  
Today was a day I was venturing out to explore Bangkok. I hailed a taxi meter with a 
friend and I told the driver directions. We were on our way to see Wat Prakaw and a couple of 
other temples. It was practically midday on a weekend, so the traffic was on the heavier side. 
Some impatience from the other drivers could definitely be noticed, not because of the sound of 
horns but the aggressive driving, inching ahead when there’s hardly any space. 
About 5 minutes into our taxi ride, we got caught at a big intersection; the taxi was 
stopped at a red light, and we were sitting idle.  I watched the countdown from the passenger seat, 
impatiently. Finally, less than 10 seconds to go, I glanced down at the meter, it went up about 8 
baht, while we were just sitting there idle. My gaze broke from the meter when I heard a rap at 
the driver’s side window. I looked out the window and there was a Thai man at the window in 
the middle of the idle cars selling flowery wares. I looked back to the countdown, 7 seconds. The 
driver can easily turn down the merchant, he hesitates, but only for a second, rolls down his 
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window, and in a swift motion grabbed change from the change dispenser and removed a wilted 
set of flowers, that I hadn’t noticed, from the front mirror and passed them to the merchant who 
in turn gave him fresh flowers and his thanks. The merchant fled the middle of the street to get 
out of the way of traffic that was inching its way forward in the anticipation of the change of 
light. Back in the car, the driver placed his fresh flowers where the wilted ones once hung. He 
clasped him hands together into the wai position and said a prayer.   
 
Describe how I felt 
I sat in the taxi, baffled as to what I had just witnessed. If it were me in the same situation 
I would have probably tried to first ignore the vendor to the best of my ability and if he were 
really persistent then I would concede purchase whatever he was selling to just make him go 
away. The feeling that would surround me would primarily be annoyance. Yes, I certainly would 
have felt annoyance, as well as frustration, because I was stuck at the intersection and because I 
would have been “hassled” into purchasing something. 
 
Describe how the Thai person felt 
On the other hand, the Thai driver did not seem annoyed at all. Instead he sat patiently at 
the light, unlike some of the other drivers that had started inching forward at the sight of the 
countdown was approaching zero. He welcomed the vendor, and the only reason he seemed 
doubtful about purchasing the flowers from the vendor was because he was pressured for time. 
His emotions showed that he was concerned by inconveniencing others. He wanted to make the 
purchase; there was a need for it since his flowers were wilted. He wanted to make the vendor 
happy, and he didn’t want to inconvenience the other drivers by stopping the flow of traffic. The 
light changed, he shifted gears and the taxi was again in motion.  
  
 In America, a lot of situations even leisurely one, tend to have a sense of urgency, a need 
to go, go, go. I wasn’t really in rush. I wasn’t meeting anyone, but for some reason I was 
annoyed with the light and even more with the vendor. I know this is a learned behavior probably 
instilled in me from an early age, the mostly likely source, my mother. The Thai driver, like 
many Thai people I’ve met, was very patient and accommodating, first trying to think of others 
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around him. His internal conflict seemed to be whether he had time, not wanting to 
inconvenience the other drivers, and to make the vendor happy.  
Needless to say, this particular Thai man’s behavior bewildered me. It was in a taxi meter 
that, for the first time, I realized I was in a truly different culture. The mai pen rai belief in 
Thailand suggests that time isn’t as important and that relaxing and patience are of higher 
priority than promptness. Though it went against all my instincts, I tried to adapt to the 
difference. After making this simple observation, I was able to better relax and engage myself 
fully into the Thai culture and think about letting go of my American mother’s inflicted behavior 
of rushing things along, rather than enjoying the moment and allowing a natural flow.  
 
 
Andrew Sandefer 
A simple sawadii 
 
Walking into the gym was casual as any other experience, minus the fact I was missing 
my shoes. Back in the States, I have been asked to leave a gym due to improper (open-toed) 
shoes, but that was beyond the point; it was something I expected when coming to Thailand. I 
had just stepped into a Muay Thai boxing gym for my first training lesson. We, four other IQP 
students and myself, were asked to line up, place our hands together in the typical Thai fashion, 
and bow to a large portrait of the king hanging on a wall above everything else. From there, we 
bowed to our trainer, soon to be called aacaan, and then to each other. At that point, we could 
begin our training.  
Giving up the time to salute the king and those surrounding me seemed to be an odd, 
relaxing experience. Back home, when the clock hit three and crew practice began, there was a 
rush to begin the warm up run or to jump into a car headed for the lake. We had to be ready soon 
as the coach beckoned. There was no real beginning, just a process to get things done. We were 
in a rush to complete everything; and therefore, we were in a rush to begin everything. That is 
generally how most instances unfolded. Time taken away from training and even simply put 
doing is looked down upon in America. Time to relax in most settings is time waste. There are 
no breaks in life. Now here in Thailand, I slow down and greet those around me. I take time from 
my schedule, even if only a brief moment, to acknowledge others. 
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Not only taking the time, but as I would learn later, the enthusiasm to greet other 
displayed by the Thais was remarkable. Unable to realize it after a few lessons, the Thais of all 
ages would go to great extents to individually recognized each other and say “sawadii”. There 
were even instances of a man walking across the gym to say goodbye to a fellow Thai. Not 
realizing it, even I was included in this. Those I barely knew nor said a word to all day would 
come to me to say goodbye. This prompted, in my mind, the rush involved in leaving as soon as 
everything is done. The Thais finished with their training would go around and say goodbye to 
everyone. While back home, I would inform those that needed to know where I was and the few 
friends whom I saw on the way to the door. There is no real need say goodbye or hello, it is 
understood. No one really cared as long as your leaving did not affect him or her personally. The 
Thais genuinely wanted to recognize you. It was as though you, just by being there, are 
significant in their day; and so, they wish to properly conclude the encounter. I felt this simple 
recognition truly displayed the Thai’s nature. They show immense care and concern for others, a 
trait generally unseen in our western culture. It is as though we act as independents while they 
are part of a community.  
Upon the end of our training, we once again lined up. We bowed again towards the king 
who had watched over us the entire time. Once more, we bowed to our new aacaan silently 
apologizing for all the ill-positioned knees and kicks we landed. And without a sound, we bowed 
to each other. It was about the experience we shared together learning from each other and 
ourselves. 
 
 
Annie Vikart 
 
At the Chula canteen there is a counter that sells drinks. Each drink occupies a glass or 
plastic bucket with a ladle in it sitting on the counter. The women who work at the drink stand 
ladle the confetti colored liquids into cups packed with ice and hand them to waiting students. 
There are at least three shades of green and four kinds of pink. Some of the drink buckets have 
pieces floating in them: stringy things and round bits. These drinks fascinate me. I make a point 
of getting one every day we go to the canteen. “No I don’t want coke, no I don’t want a 
cappuccino, I want that.” I have no idea what any of these crazy drinks are. Some of them are at 
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least partially recognizable, but mostly I just identified them to the women at the stand by 
pointing, and to my friends by color. “What kind of drink are you getting?” “Oh, I dunno, I really 
like purple, I might get that again today”.  
 On one occasion I went up to the drink stand the same as I always do, but because we 
went down to lunch later than usual there was no one waiting in line. One of my friends asked 
me to pick her up a cappuccino, so I ordered her drink and mine and waited for the complex 
coffee concoction to be made. As I was standing there the woman who handed me my 
shockingly pink drink said “You’re so white, its so beautiful”. At first I didn’t think I understood 
her, I am constantly being spoken to in English and expecting to hear Thai so completely 
misunderstanding both languages. “What?” I asked. The woman pointed to her arm, and then 
pointed to mine. “You’re so white, my mother says that she wishes I were as white as you are.” 
She then pointed to the woman making the cappuccino and said “my mother.” Completely 
startled by this statement, it took me a minute to realize that it was a complement. “Thank you 
very much.” I finally said.  
 “You’re so white, it’s so beautiful.” Not a phrase you would ever hear in the United 
States. Not only is my pale skin considered highly unfashionable, bußt the term “white” would 
never be used as a reason to describe why someone is beautiful. When you go into the cosmetics 
isle at the grocery store in Thailand all of the lotions and creams advertise “Whitening” or “bye-
bye Melanin”. Women walk around with umbrellas to keep the sun from tanning their skin. This 
is the complete opposite to the united states where girls spend hours lying in the sun roasting, 
slathering themselves in “bronzer” or “tanning lotion”.  
 In the United States I am not the socially accepted idea of beautiful. Sure I’m blonde with 
blue eyes, but my skin tone is all wrong. As a result of my Eastern European heritage, I don’t tan, 
I just burn. I make a point of staying out of the sun as much as possible. I don’t care that it’s not 
fashionable; I don’t want cancer. Staying out of the sun is normal behavior for a Thai girl 
concerned about her completion. A Thai girl would have loved to be complemented on having 
white skin, whereas I was mostly bewildered by it.  
 I find it very interesting that American girls all want to be brown, and Thai girls all want 
to be white. Though our ideas of beauty are very different, we both want to be exactly what 
we’re not. Women are never happy with who they are physically, and the cosmetic industry 
makes sure to remind us them of that. I do not know if the reason that Thai girls want to be white 
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is because they think it’s beautiful, or because the advertisements for lotions tell them that it is 
beautiful. The same can be said for American girls who invest time and money into darkening 
their skin tone. Within this cross cultural difference there is a staggering social similarity.  
 The drink woman’s comment completely took be by surprise. She went on to say that she 
loved my blonde hair, and finally gave me my friend and my drinks. I still go to the drink 
counter at the canteen every day and pick a new color drink, and every time I see that woman I 
wish I knew enough Thai to tell her about how in America she would be the ideal picture of 
beauty. I don’t though, so I just order a new color and move on.  gbv 
   
 
